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ΣΗΜΕΙΩΜΑ ΠΡΟΣ ΤΟΝ ΑΝΑΓΝΩΣΤΗ: 
Η ΠΑΡΟΥΣΑ ΔΙΔΑΚΤΟΡΙΚΗ ΔΙΑΤΡΙΒΗ ΕΧΕΙ ΚΑΤ’ ΑΡΧΗΝ 
ΣΥΓΓΡΑΦΕΙ ΣΤΗΝ ΑΓΓΛΙΚΗ ΓΛΩΣΣΑ ΚΑΙ ΣΥΝΟΔΕΥΕΤΑΙ ΑΠΟ 
ΕΚΤΕΤΑΜΕΝΗ ΠΕΡΙΛΗΨΗ ΣΤΑ ΕΛΛΗΝΙΚΑ.  
ΣΤΗΝ ΠΑΡΟΥΣΑ ΕΝΤΥΠΗ ΕΚΔΟΣΗ ΠΑΡΑΤΙΘΕΤΑΙ ΑΡΧΙΚΑ Η 
ΔΙΔΑΚΤΟΡΙΚΗ ΔΙΑΤΡΙΒΗ ΣΤΗΝ ΑΓΓΛΙΚΗ ΓΛΩΣΣΑ ΚΑΙ ΑΚΟΛΟΥΘΕΙ 
Η ΕΚΤΕΤΑΜΕΝΗ ΕΛΛΗΝΙΚΗ ΠΕΡΙΛΗΨΗ. 
Η ΒΙΒΛΙΟΓΡΑΦΙΑ ΠΟΥ ΣΥΝΟΔΕΥΕΙ ΤΗΝ ΔΙΑΤΡΙΒΗ ΠΑΡΑΤΙΘΕΝΤΑΙ 
ΜΟΝΟ ΣΤΟ ΑΓΓΛΙΚΟ ΚΕΙΜΕΝΟ. 
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 EXTENDED ABSTRACT  
Recent technological developments in the field of combined heat and power offer new 
opportunities to increase the efficiency and reduce pollutant emissions. New units, such 
as fuel cells, offer high thermal and electrical efficiencies and also have the possibility to 
modulate their output to meet the demand. New m-CHP models have appeared in 
the market, based on different technologies, with low electrical and thermal outputs. 
Thereby, the applicability of cogeneration expands to small residential buildings. 
However, it has been observed in various recent studies, that achievement of 
satisfactory performance with cogeneration units in small consumers is difficult, due to: 
 The required small number of heating hours, mainly in the winter,  
 The intermittent heat and electricity demand profiles of residential buildings, 
 The low heat and electricity needs of residential buildings 
As a result, large storage tanks are required and cogeneration is usually limited to 
buildings which have high requirements for process heat (mainly buildings of the 
tertiary sector). 
In order to overcome this problem and to better exploit the potential of cogeneration, 
the following proposal is made in the frame of the dissertation: the creation of a heat 
network connecting a group of buildings of different uses that form a neighborhood. In 
this network, the cogeneration units which are placed in the various buildings, are 
also interconnected and supply heat to all the buildings in the community. The 
generated electricity may cover the needs of the district or be sold to the network at a 
trade price. The idea behind the heat production and demand sharing of the 
interconnected district is that, the total heat and power profile of the district is 
smoothened, due to the many users and the statistical variation of their demand curves. 
This allows the m-CHP units to operate more hours and more efficiently, with less heat 
storage requirements. 
In order to examine such an ambitious project, whose success depends on the 
composition of the buildings, the composition and the number of m-CHP units and the 
operating strategies, a computational tool has been developed within this thesis, named 
DEPOSIT. It has the ability to examine many different district configurations, with 
different buildings and cogeneration devices and with different objectives and operating 
strategies. The computational tool, creates, based on the district configuration and 
consumption data for the buildings and other elements, the piping 
network and calculates at each step the total heat and power requirement. It then 
calculates how the heat and electrical requirements can be ideally covered, based on the 
objective of the optimization. Each hour, the ideal operating range of various 
cogeneration units and the backup units are chosen and the heat buffer management is 
performed. The two main objectives of the computational tool, are cost and primary 
energy minimization.  
For the introduction of higher accuracy in the simulation, the electricity System 
Marginal Price or the Feed in Tariff for the power market, can be used as an hourly value 
for electricity export. Also, an hourly primary energy factor for electricity generation is 
calculated and used. Consequently, the cost savings are not calculated based only on 
high subsidy prices. Also, the environmental benefit can be obtained with increased 
accuracy and not with annual average rates. 
DEPOSIT calculates the hourly operation of all systems for the examined timeframe, 
together with the costs and the primary energy consumption. The results are also 
compared to conventional heating systems. In order to demonstrate and assess the 
capabilities and performance of the DEPOSIT software, two cases studies 
were simulated: two hypothetical districts in two different cities, with different 
composition and three cogeneration 
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technologies. One district comprised residential buildings in Athens and the second 
consisted of commercial district 
with buildings of the tertiary sector in Munich. The case studies revealed the potential of 
the DEPOSIT software and 
the necessity of such tools for the study of complex energy saving problems, as well as 
the benefits in terms of 
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ΕΛΛΗΝΙΚΗ ΠΕΡΙΛΗΨΗ 
Τα τελευταία χρόνια, οι τεχνολογικές εξελίξεις στον τομέα της μικρο-συμπαραγωγής (μ-
ΣΗΘ) θερμότητας και ηλεκτρισμού αρχίζουν και παρουσιάζουν νέες δυνατότητες με 
αύξηση του βαθμού απόδοσης των συστημάτων αλλά και δυνατότητα μείωσης των 
ρύπων. Νέες μονάδες, όπως οι κυψέλες καυσίμου, παρουσιάζουν πολύ υψηλούς 
βαθμούς απόδοσης και έχουν πλέον την δυνατότητα να μεταβάλλουν ικανοποιητικά τα 
επίπεδα λειτουργίας τους. Στην αγορά διατίθενται πλέον συστήματα χαμηλής θερμικής 
και ηλεκτρικής ισχύος, βασισμένα σε διάφορες τεχνολογίες. Παρουσιάζεται πλέον η 
δυνατότητα της μικροσυμπαραγωγής, η οποία μπορεί να βρει εφαρμογή και σε μικρά 
κτήρια, πχ. κατοικίας.  
Έχει παρατηρηθεί ότι η επίτευξη ικανοποιητικής απόδοσης συστημάτων 
μικροσυμπαραγωγής, σε επίπεδο μικρών καταναλωτών, είναι δύσκολη εξαιτίας: 
- των λιγοστών ωρών λειτουργίας, 
- λόγω της, κυρίως χειμερινής, απαίτησης για θερμότητα, 
- του προφίλ χρήσης των μικρών κτηρίων που είναι συνήθως διακοπτόμενο. Αυτό 
έχει σαν συνέπεια την απαίτηση μεγάλων θερμορυθμιστικών δεξαμενών 
αποθήκευσης, καθώς και τον περιορισμό της συμπαραγωγής σε κτήρια που 
έχουν υψηλές απαιτήσεις για διεργασίες (κυρίως κτήρια τριτογενούς τομέα). 
Για να ξεπεραστεί αυτό το πρόβλημα και να γίνει καλύτερα εκμεταλλεύσιμο το 
δυναμικό μίας μονάδας μικρο-συμπαραγωγής, η διατριβή εξετάζει την ακόλουθη 
πρόταση: τη δημιουργία ενός δικτύου θερμότητας (όπως τα δίκτυα τηλεθέρμανσης) σε 
μία ομάδα κτηρίων διαφορετικών χρήσεων τα οποία ανήκουν στην ίδια 
γειτονιά/συνοικία. Στο δημιουργούμενο δίκτυο είναι συνδεδεμένες μονάδες μ-ΣΗΘ, οι 
οποίες είναι εγκατεστημένες διάσπαρτα στα κτήρια και τροφοδοτούν με θερμότητα 
όλα τα κτήρια της κοινότητας. Η παραγόμενη ηλεκτρική ενέργεια μπορεί να καλύπτει 
τις ανάγκες τις συνοικίας ή να πωλείται στο δίκτυο με βάση κάποια τιμή πώλησης. Η 
γενική ιδέα της συναλλαγής θερμότητας ανάμεσα στα κτήρια δημιουργεί ένα 
ομαλοποιημένο προφίλ θερμικής και ηλεκτρικής απαίτησης της συνοικίας, αφού οι 
πολλαπλοί χρήστες και ο ετεροχρονισμός των απαιτήσεων εξομαλύνουν τις αιχμές 
ζήτησης. Αυτό δίνει τη δυνατότητα στις μονάδες μ-ΣΗΘ να λειτουργούν περισσότερες 
ώρες και πιο αποδοτικά, με πολύ μικρότερες απαιτήσεις για θερμική και ηλεκτρική 
αποθήκευση σε σχέση με την λειτουργία τους σε μεμονωμένο κτήριο.  
Προκειμένου να εξεταστεί ένα τέτοιο φιλόδοξο σχέδιο διαχείρισης ενέργειας σε επίπεδο 
συνοικίας, η επιτυχία του οποίου εξαρτάται από τη σύνθεση των κτηρίων, την σύνθεση 
και τον αριθμό των μονάδων μ-ΣΗΘ, καθώς και από τις στρατηγικές λειτουργίας των, 
αναπτύχθηκε στα πλαίσια της διδακτορικής διατριβής το λογισμικό DEPOSIT. Το 
λογισμικό έχει τη δυνατότητα να εξετάζει πολλές διαφορετικές διαμορφώσεις 
συνοικίας, με διαφορετικούς τύπους κτηρίων και μονάδες μ-ΣΗΘ καθώς και με 
διαφορετικούς στόχους και στρατηγικές λειτουργίας. Το υπολογιστικό εργαλείο, με 
βάση τη διαμόρφωση της συνοικίας και χρησιμοποιώντας δεδομένα κατανάλωσης για 
κάθε τύπο κτηρίου καθώς και άλλα στοιχεία, δημιουργεί το δίκτυο σωληνώσεων και 
υπολογίζει σε κάθε βήμα τη συνολική θερμική και ηλεκτρική απαίτηση.  Θέτοντας ένα 
στόχο βελτιστοποίησης κατανάλωσης, το DEPOSIT υπολογίζει το βέλτιστο τρόπο με 
τον οποίον μπορούν να καλυφτούν οι θερμικές και ηλεκτρικές απατήσεις της συνοικίας.  
Επιλέγεται με ωριαίο βήμα το ιδανικό εύρος λειτουργίας των διαφόρων μονάδων 
συμπαραγωγής, των εφεδρικών μονάδων και υπολογίζεται η διαχείριση της 
αποθήκευσης θερμότητας σε δεξαμενές. Οι δύο κύριοι στόχοι που εξετάζονται είναι η 
ελαχιστοποίηση του κόστους και η ελαχιστοποίηση της κατανάλωσης πρωτογενούς 
ενέργειας.  
Για την εισαγωγή μεγαλύτερης ακρίβειας στην προσομοίωση μπορεί να χρησιμοποιηθεί 
η ωριαία Οριακή Τιμή Συστήματος ή feed in tariffs για πώληση ηλεκτρικής ενέργειας 
στο δίκτυο. Επίσης υπολογίζεται και χρησιμοποιείται η ωριαία εξέλιξη του συντελεστή 
πρωτογενούς ενέργειας για την ηλεκτροπαραγωγή. Έτσι η εξοικονόμηση δεν 
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υπολογίζεται με βάση υψηλές τιμές επιδότησης, και το περιβαλλοντολογικό όφελος 
προσεγγίζεται πιο ρεαλιστικά και όχι με ετήσιους μέσους συντελεστές. Το DEPOSIT 
υπολογίζει την ωριαία λειτουργία όλων των συστημάτων για το χρόνο μελέτης, καθώς 
και τα κόστη και τις καταναλώσεις πρωτογενούς ενέργειας. Γίνεται επίσης σύγκριση με 
συμβατικά συστήματα θέρμανσης. 
Για να γίνει πιο σαφής η λειτουργία του λογισμικού μελετήθηκαν και προσομοιώθηκαν 
δύο υποθετικές συνοικίες σε δύο διαφορετικές πόλεις, με διαφορετική σύνθεση, με 
χρήση τριών τεχνολογιών συμπαραγωγής: η μία συνοικία με κτήρια κατοικίας στην 
Αθήνα και η άλλη με κτήρια τριτογενούς τομέα στο Μόναχο. Οι δύο μελέτες περίπτωσης 
ανέδειξαν τις δυνατότητες του DEPOSIT, την αναγκαιότητα τέτοιων λογισμικών για τη 
μελέτη πολύπλοκων προβλημάτων εξοικονόμησης ενέργειας καθώς και τα οφέλη 
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e pipe roughness  [mm] 
Eexport electricity exported to the power market [Wh] 
Eexport,type 
electricity exported to the power market from 
each of three unit types 
[Wh] 
Eimport electricity purchased from the grid [Wh] 
Electr_Demand Electricity demand [Wh] 
flowCogen1 The flow to m-CHP unit 1 [kg/sec] 
fpipe friction factor for pipe segment  [-] 
fuelinputoperatinglevel 
fuel input energy of the fuel cell at an 
operating level 
[Wh] 
Fi Future timestep [-] 




thermal energy requirement for the examined 
timeframe 
[Wh] 
hf,max maximum head loss [m] 
hsphere/cube/cylinder height of sphere/cube/cylinder [m] 
i (= timestep) timestep [-] 
k1 thermal conductivity of insulation layer 1 [W/(m·K)] 
k2 thermal conductivity of insulation layer 2 [W/(m·K)] 
KL local loss coefficient  - 
kp thermal conductivity of pipe wall [W/(m·K)] 
ks thermal conductivity of soil 
[W/(m•K)
] 
Lengthret return district heating pipes length [m] 
Lengthsup supply district heating pipes length [m] 
LHVfuel,type 
Lower heating Value of the fuel of this engine 
type 
[Wh/m3] 
Li Length of building i [m] 
Lv 




maximum coordinate from the main loop pipe 
to the last building of the block 
[m] 
m'max max flow rate for pipe segment  [kg/sec] 
mw mass of water [kg] 
n number of buildings of type i [-] 
P geometric/material correction factor [(m·K)/W] 
Pbuy,grid 




Primary Energy Consumption of auxiliary 
heating systems 
[Wh] 
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PECelectr 
Primary Energy Consumption for electricity 
import from grid 
[Wh] 
PECmCHP 




Primary Energy Factor for electricity 
generation 
[-] 
PEFelectricity Primary Energy Factor for natural gas [-] 
PEFelectricity,mix,weel 
Primary Energy Factor for central electricity 
generation mix for this week 
[-] 
Pfuel,type 
Price per fuel unit for the fuel of this engine 
type 
[Euro/m3] 
Poweroutputtimestep electrical power output in this timestep [Wh] 
Psell,grid 
cost per Wh of electricity sold to the power 
market 
[Euro/Wh] 
Qdemand,district District heat demand [Wh] 
Qdumped 




excess heat from m-CHP generation after 
demand is subtracted 
[Wh] 
qHX 




Thermal losses of the district supply and 
return pipes, when the district heating is off 
[Wh] 
Qloss,pipe  heat loss or gain per unit length of pipe [W/m] 
QLosses,buffer,timestep heat losses from tank during the timestep [Wh] 
Qout,backup thermal output of auxiliary heating system [Wh] 
Qreheat,water 












reduced heat output of m-CHP during 1st hour 
of cold operation 
[Wh] 
Qthermal,mCHP,cooldown 
heat output of the unit during the shut down 
operation after the fuel flow stopped 
[kW] 
Qthermal,mCHP,timestep m-CHP thermal output at this timestep [Wh] 
QtoStorage,timestep energy that will charge the storage tank/s [Wh] 
r0 outer radius of pipe [m] 
r1  thickness of insulation layer 1 [m] 
r2 thickness of insulation layer 2 [m] 
Rair air thermal transition coefficient  [W/(m·K)] 
ratiothermal,utilization thermal utilization ratio [-] 
Re Reynolds number - 
Reff 
effective thermal resistance of one pipe in two 
pipe system 
[(m·K)/W] 
ri inner radius of pipe [m] 
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Rp thermal resistance of pipe wall [(m·K)/W] 
Rs thermal resistance of soil [m•K)/W] 
rsphere/cube/cylinder radius of sphere/cube/cylinder [m] 
rT 








the cost for the startup fuel and electricity for 
this engine type 
[Euro] 
startupfueltype 
fuel energy for the startup fuel and electricity 
for this engine type 
[Wh] 
Tempamb ambient air temperature of hour [°C] 
Tempbuildings building indoor temperature setpoint (Winter)  [°C] 
Tempf fluid temperature [°C] 
Tempp1 Water temperature of pipe 1 [°C] 
Temps average annual soil temperature [°C] 
Temps,timestep  
soil temperature at each timestep, at the 
specific depth  
[°C] 
Tempstorage storage tank temperature [°C] 
Tempsurroundings 
temperature of the surroundings of the 
storage tank 
[°C] 
Tempsurroundings storage location temperature (basement) [°C] 
tend_cooldown 




time according to the ramp rate of the unit to 
reach the new operating level  
[h] 









the time at the beginning of the shut down of a 
m-CHP unit 
[sec] 
u water velocity [m/sec] 
Ustorage 
total heat transfer coefficient of buffer tank 
walls  
[W/m2K] 
v kinematic viscosity of water  [m2/sec] 
Voltage 




water volume in the district heating supply or 
return pipes 
[m³] 
Vsphere/cube/cylinder volume of sphere/cube/cylinder [m3] 




bypass pipe between supply and return pipes 
at the end of the loop 
[m] 
Xmainloop Pipe of the main loop [m] 
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Yi 
District heating pipe along a street serving 
many buildings left and right 
[m] 
YiFlow The flow of the Yi pipe [kg/sec] 
α Thermal diffusivity of the ground (soil) [m²/h] 
Δp pressure drop Pa 
ΔΤ temperature gradient  [K] 
ΔΤoff 
Water temperature decrease after the district 
heating system is shut-off  
[°C] 
ηelectr electrical efficiency of unit type [-] 
ηreduction,cold-engine 
reduction coefficient for thermal output 
during a cold start 
[-] 
ηth,backup 




thermal efficiency at the final operating level 
of the timestep  
[-] 
ηthermal,unit,new_operating_level  
thermal efficiency of the unit group for the 
whole duration of the current timestep 
[-] 
ηthermal,unit,transition  
thermal efficiency for the transition period if 
the unit is ramped 
[-] 
θ temperature correction factor [-] 
ρs density of soil [kg/m³] 
ρwater  Density of water [kg/m³ ] 
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Humanity has managed in the last century to leave a very distinct footprint on the planet 
earth by depleting many natural resources, by harvesting forests and by polluting the 
soil, water and atmosphere. Especially the increased greenhouse gas emissions have 
reached very high values and contribute to the climate change. The climate change is 
predicted to worsen with severe impact to the ocean temperature, the extinction of 
many animal species and severe weather phenomena that will impact human life and 
food availability.  (Lu et al. 2007; Battisti & Naylor 2009; Arroyo 2006) 
 To counteract this, actions have to be taken to limit the consumption of fossil fuels and 
to reduce greenhouse gas emissions. Steps have to be in the direction of developing 
more efficient systems, that utilize fuels better, that use more renewable energy and that 
increase the efficiency of power generation. Waste heat has to be limited or must be 
used in other processes. (Rezaie & Rosen 2012) 
Intelligent systems are required, that utilize the maximum of the fuel and limit the 
primary energy consumption. 
Thermal power plants do not convert all the chemical energy, which is embedded into 
the fuel, into electricity. The greatest percentage is lost, as “waste heat” of the electricity 
generation process. Efficiency for coal fired power generation lies between 32-42%, 
whereas diesel engines have efficiencies of 35-42% and nuclear power plants  38% 
(thermal cycle efficiency). (Zactruba & Scudder 2010) 
By capturing excess (wasted) heat, efficiencies up to 80% can be achieved. (Oak Ridge 
National Laboratory 2008).This means that instead of burning extra fuel to cover a heat 
demand, the heat that would be disposed via the chimneys or the water cooling setups, 
will be utilized effectively.  
Micro combined heat and power generation units (also known as m-chp’s) , are units 
that can be installed in building and instead of using a fuel to produce heat only, they 
produce electricity and use the waste heat to cover the buildings heat demand or 
prepare hot water. 
 
Micro CHP units and CHP units can reduce emissions (Pehnt 2008) and can effectively 
be used for reducing CO2 emissions of buildings. District grids that utilize CHP units and 
photovoltaic systems have very high potential in minimizing greenhouse gas 
emissions.(Nosrat et al. 2014)  
 
CHP technologies have currently two drawbacks; they are still expensive and they have 
to operate many hours to operate efficiently and to become economically viable. While 
the price of the units gradually drops, many operating hours are still needed for the 
units to achieve high average efficiencies and achieve emissions savings. And high 
efficiencies are needed for carbon emission reduction (Figure 1). 
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Figure 1: CO2 reduction in relation with overall CHP efficiency for UK. (Carbon 
Trust 2005) 
In the Carbon Trust trial which started in 2003, it has been shown, that the average 
efficiency of m-CHP units is affected negatively by frequent startups, which cause a 
waste of energy for preheating, due to the thermal inertia which is very high in m-chp 
systems compared to conventional boilers.  Moreover, the trial showed that the 
electrical demand of the residences, most of the time lower than the electrical output of 
the m-chp units is, and that the electrical demand features short periods of very high 
demand. Because of the slow modulation capacity of the m-chp technologies and the 
limited turn down ratio (minimum / maximum output) and since electrical energy is not 
so easily and economically storable, the unit does not cover as much of the electrical 
demand to feature adequate carbon savings. 
Furthermore according to (Boait et al. 2006) the lifestyle and occupancy behavior of the 
users regarding thermostat settings and use of electrical appliances, affect the 
performance of m-chp systems and their payback. 
Many approaches have been made to overcome the demand variability and the 
electricity demand volatility. 
Heat following approaches:  
 M-chp unit is used to meet the heat demand of the building. The produced 
electricity is sold to the public electricity company for a feed in tariff. In most 
cases, since the heat output of the units is not high enough to cover peak 
demands, and because the heat demand of buildings is not always present, heat 
buffer tanks have been used. 
 Another method is to use the units to follow the heat demand, but use the 
electrical output to cover a base electrical demand (in that case units are 
undersized in terms of power demand), or use electricity to operate a heat pump 
or a water heater for auxiliary or water heating. 
Electricity following approaches:  
 In various trials m-chp units are used as electricity demand following and store 
cogenerated heat to heat buffer tanks, which are used to cover the heat demand. 
 Another approach includes the use of batteries as electrical storage and heat 
buffer tanks for thermal storage. The operation remains electrical driven. 
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The current thesis proposes, examines and assesses the performance of a new and very 
promising application in terms of energy management. The proposed concept involves: 
 The interconnections of many consumers with different heat and electrical 
demand profiles 
 Interconnection via a thermal micro grid and the electricity grid 
 Design of local thermal grid based on m-CHP units, connected together to create 
a micro grid.  
The benefit of the proposed concept is the ability to meet demand resulting from the 
variation of the different demand profiles. This acts as a smoothing effect on the total 
demand, which the CHP units have to cover.This gives a more stable operation to the 
cogeneration units, with less startup and shut downs and leads to higher overall 
efficiencies and higher carbon savings.  Moreover, the mixed type of district users and 
their different demand profiles, enable the downsizing of the units and the decreased 
need for backup units and storage tanks. If users are assumed to move around through 
the district, they take the demand with them, and because the units are interconnected, 
they can also “take” their m-chp with them. So, in contrast with a conventional district, 
where a person has a boiler at home that operates only when he is home, and another 
boiler in his office, that operates only when he is in office (at the time when his house 
boiler is switched off), in the proposed district the unit which is located in his house, 
provides him (“in an allegorical way” ) with heat and electricity, while he moves around 
the district. 
This can be translated in fewer units with much more operating hours, which as 




In order to dimension and install cogeneration units in a group of buildings or a district, 
the district and the operation of the chp units must be simulated via computer software. 
For this reason a program has been developed in the HMCS-lab. It does a numerical 
simulation of the district, the piping, and its heating generation units. Calculations are 
done with an hourly timestep. It calculates the total district heat demand including the 
piping heat losses. The goal is to cover the electrical and heat needs of the district. By 
using simulation tools, the planner, the state or an energy company etc., that want to 
invest in a cogeneration-“powered” district, can examine various chp technologies, 
different number of units, backup heating systems in order to optimize the 
environmental or the economic benefit. The dimensioning can be optimized depending 
on the request. Furthermore, the DEPOSIT tool will be expanded to include renewable 
energy systems such as solar and photovoltaic panels. The computational tool will then 
completely simulate the heat and electricity generation possibilities in the neighborhood 
that have the ability to cover the electrical and heat demand.  
Moreover, through the use of modern computer systems, optimization of the district 
operation and the dispatch of the cogeneration systems can be performed. By using 
neural networks the heat/electrical demand of the buildings in the district can be 
forecasted. By knowing the evolution of the heat and electricity demand for some hours 
in the future, the operation of the district cogeneration units can be adjusted so that the 
objective function is minimized (cost or primary energy minimization) for a longer 
timeframe(instead of only one timestep, the forecasting allows for multiple step 
optimization). Additionally the heat demand can be covered, even with less units, by 
charging the buffer tanks in advance to cope with demand peaks. Forecasting can also be 
used for predicting solar and PV contribution, which will have an effect on m-chp 
operation in the future and now.  
Simulation of local distributed micro-cogeneration and renewable systems in a 
neighborhood as a total structure, can help size units and systems in an optimal way, 
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and test various operating strategies. This enables a whole new approach to system 
sizing and optimization, and structures can be achieved, that have fewer m-chp units 
and renewable energy systems, in comparison to a typical sizing approach (without 
simulation). This can help towards more efficient operating districts, with primary 
energy, material and CO2 savings, that are also more viable to implement, without high 
investment cost and risks.  
  
 
1.1.1 Description of energy independent districts 
Lately the phrase energy independent or zero energy buildings/districts is often used as 
the future trend. Energy independency can have two meanings.  
a) The first refers the obvious; a building or district that is completely isolated from 
the rest of the civilization, as far as heat and electricity is concerned. This may 
can be the case in small islands, or remote locations, which cannot be connected 
via power lines to the network and have their own power plants. They also 
generate heat locally. 
b) The second and most  usual case are buildings that are connected via power 
lines to the net , but produce electrical energy greater or equal than their total 
yearly demand, or in the case of ZERO energy buildings , consume the same 
amount of energy they produce on an annual basis with renewables. The balance 
is maintained at an annual interval, but during the year they act sometimes as 
power takers and on other periods as power suppliers.  Buildings that produce 
more energy, than they consume, are called “plus energy buildings” (P. Torcellini 
et al. 2006).  
They idea described in the current work is a mix of buildings, that form a district and are 
interconnected via a thermal network and the electricity network. The electricity 
network is connected to the public net and allows either the produced electricity to be 
consumed within the district, or to be exported to the net, or if the electrical demand is 
very high electricity can be imported. Depending on the number of cogeneration units 
installed, the district can be a zero energy district, or a plus energy district or if the 
system is undersized, a low energy district, that doesn’t cover all its electricity 
requirements autonomously.  
1.1.2 Energy policies-2020-Zero energy districts 
According to the World Commission on Environment and Development, sustainable 
development is regarded as ‘‘development that meets the needs of the present without 
compromising the ability of future generations to meet their own needs’’(Oxford 1987)  
 
The European Parliament adopted the plan of the EU on climate change on 17th of 
December 2008. The plan , known as the “three 20” targets was established, which can 
be translated means 20% gas emissions reductions, 20% renewable contribution to the 
energy share and 20% energy efficiency improvements by the year 2020. The Directive 
2009/28/EC confirmed the objective of 20% RES contribution, established by the 
European Council act 7224/1/2007. (Campoccia et al. 2014)  
Current climate policies of the EU countries are helping towards achieving the targets; 
Greenhouse gas emissions in 2012 decreased by 18% compared to 1990. This 
percentage is expected to reach 24% by 2020. The renewable energy contribution has 
already reached 13% (by 2012) and 15% (2013) and will reach 21% according to 
projections by 2020. (European Commision 2014b; Eurostat 2015) 
  
2020 targets (Climate change and energy sustainability) (European Commision 2009) 
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 greenhouse gas emissions 20% (or even 30%, if the conditions are right) lower 
than 1990 
 20% of energy from renewables 
 20% increase in energy efficiency 
In January 2014, the European Commission set new energy and climate goals for 2030. 
Key point is the boost of private investment in infrastructure and low-carbon 
technologies. 
Targets for 2030 are: (European Commision 2014a) 
 a 40% cut in greenhouse gas emissions compared to 1990 levels 
 at least a 27% share of renewable energy consumption 
 at least 27% energy savings compared with the business-as-usual scenario 
 
According to the 2006 Energy Efficiency Action Plan, the building sector has the greatest 
savings potential (27-30%) in terms of cost –effective measures. The EU action plan 
states that improvements to the building envelope have a great impact on the energy 
savings of residential buildings, while on the other hand commercial buildings can 
benefit from large savings, by installing energy management systems. European 
legislations (End-use Energy Efficiency and Energy Services Directive 
32/2006/EC,Energy Performance of Buildings Directive 2010/31/EU , Labelling 
Framework Directive 2010/30/EU) , intend to increase the buildings’ sector savings and 
consequently minimize heating demand.  
 
1.1.3 Decentralized electricity production and heating cogeneration 
Energy saving in the building sector is very important, since buildings are responsible 
for 40% of primary energy use in the European Union. Thus, the Energy Performance of 
Buildings Directive 2010/31/EU requires that from 2020 all new buildings should be 
“nearly zero energy buildings”.(Mandley et al. 2015). Therefore, as we move towards 
this target, we build houses with very high insulation standards and very low heat 
demands. Towards heat and electricity generation effectiveness, cogeneration can 
provide a high energy saving effect, compared to conventional energy supply 
configurations. The development of small-scale high performance cogeneration units, 
including gas engines, Stirling engines and fuel cells, allows cogeneration to take place at 
a building level.(Wakui & Yokoyama 2012).  Moreover, the evolution and affordability of 
renewable energy systems, made the installation of systems, such as solar and 
photovoltaic systems very often. 
Central power generation is associated with high costs, due to the investment cost for 
power plants, large transmission and distribution grids, that should reach even very 
remote regions. Moreover, the widespread use of fossil fuel for the power generations 
leads to increased pollutant and greenhouse gas emissions. A solution could be the use 
of micro cogeneration units, which can generate heat and electricity at the same time, 
with very high total efficiency.  
Distributed micro cogeneration can reduce emissions, save grid capacity and increase 
efficiency. However, extensive implementation of distributed generation, would need 
basic changes in the transmission networks and in the central generation plants, 
operation patterns. (Streimikiene & Baležentis 2013) 
Various researchers studied the economics (Thomas 2008; Staffell et al. 2008; Peacock 
& Newborough 2005) , and energy-emission savings of m-CHP units (Staffell et al. 2008; 
Pilavachi et al. 2006; Bianchi et al. 2012; Ren & Gao 2010; Peacock & Newborough 
2005).  
Cogeneration is subtle to the price evolution of natural gas.(Thornton & Monroy 2011). 
If natural gas prices increase, but electricity price stays constant, the value of CHP 
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decreases, as it can be depicted in Figure 2a. The effect of premium price variation for 




Figure 2 : Effect of CHP fuel price (NG) on market share (Bryson et al. 2001) (left) 
and sensitivity analysis on the optimal power output of the micro-CHP system for 
varying premium tariff for electricity consumed on-site (Pellegrino et al. 2015) 
1.1.3.1 Incentives for cogeneration 
 
Many factors affect the decision regarding whether to adopt m-CHP technologies and 
what their market share will be in a country. Investors have different targets, incentives 
and obstacles depending on the overall situation and environment and private 
customers do not have the same acceptance towards new technologies and projects 
everywhere, have different economic capabilities and request. The energy production is 
affected by political, economic, social and technological factors, which play also an 
important role in the application of decentralized combined heat and power projects. 
The UK government for example, in order to give incentives for m-CHP’s in households, 
reduced VAT from 17.5% to 5% for m-CHP systems. (Kuhn et al. 2008). The “PEST” 
factors that form the environment of energy generation and affect decisions regarding 
decentralized generation are summarized in Table 1. 
 
Table 1:  Factors affecting the power generation decisions* (Alanne 2004)  





Inflation Education  
Technological 
development 








emissions, nuclear , 
renewables 
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Support (feed in 


















*It must be mentioned that technological advance towards new electrical storage options, 
also affected the power generation decisions over the last years, as network stability is a 
key factor. 
Moreover, recent political and diplomatic actions, point out another factor affecting the 
power generation decisions; namely the electrical autonomy and the dependence or 
independence from other countries.   
1.1.4 Innovation of this thesis 
The targets of the European Union’s 2030 program which involves 40% gas emissions 
reductions and 27% energy efficiency improvements by the year 2030 (1.1.2), 
accompanied by the recent developments in the CHP technologies, involving units with 
low thermal and electrical outputs and units with the ability to modulate, were the key 
driving factors for the conception of this thesis.  
The overall aim is to examine the potentials of m-CHP units for energy and cost savings 
in interconnected district buildings, via thermal and electrical micro-grids. The 
approach is based on the development of thermally driven operating strategies, 
exploiting the ramping capabilities of the m-CHP systems and the energy requirements 
of different types of buildings (expressed via occupancy profiles). The operating 
strategies are coupled with the electricity market price and with primary energy factors 
based on the actual public electricity generation mix. Heat and electrical demand 
forecasting is implemented with the help of neural networks to further optimize the 
units’ dispatch and heat buffer use. 
In order to address the above challenges specialized software, named DEPOSIT, was 
developed in the frame of the thesis. DEPOSIT simulates the energy demands and 
operation requirements of districts by taking into account the district structure and the 
m-CHP system characteristics as well as pipeline thermal losses, pumping pressure 
losses, heat buffer thermal losses and other parameters for different buildings and 
district composition. The DEPOSIT software was created in the MATLAB environment 
(MathWorks 2013). In order to validate and examine the capabilities of the program, 
TRNSYS simulations (Solar Energy Laboratory 2014) have been performed for some 
different building types and were used in the DEPOSIT, together with different district 
setups in two cities (Athens and Munich) to achieve energy balance, cost, operation and 
consumption results.  
The majority of available approaches, principles and algorithms regarding micro 
cogeneration operation and district planning focus on specific aspects, such as cost 
minimization, and are used for single units or single buildings. Some approaches are 
based on feed in tariffs and ignore the volatility of power markets, or simply create 
operating patterns that should be followed. 
DEPOSIT was developed to fill the gap in thermal load following strategies and to 
present new alternatives regarding unit dispatch and storage use. 
The new features that are included (programmed) in DEPOSIT can be summarized as 
follows: 
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 Development of two new cost following strategies coupled with intelligent 
storage use.  
 Development of two pioneering primary energy minimization-heat following 
strategies. 
 Performance of energy balance analysis with real-life operation of the units, as it 
would take place in their actual operation. Thus, every hourly timestep is 
examined as time-series, where past demand and operation of the units is 
known and affects the future operation, while the future demand is unknown, 
and is predicted for limited timesteps ahead.  
 Examination of five different operating strategies and detection of benefits or 
drawbacks of each. After a simulation the user can alter some parameters of the 
district, such as m-CHP and building number or variety and rerun the simulation.  
The research work performed within the thesis generated an innovative, highly versatile 
and detailed software tool (DEPOSIT) with strong potentials for implementation in the 
energy and cost efficient management of independent districts. 
 
1.1.5 Structure of the PhD 
This PhD thesis mainly focuses on the presentation of the software DEPOSIT, created by 
the author to simulate thermal micro-grids served by different m–CHP technologies with 
different operating strategies. The theoretical background on energy efficient operation 
of districts that was necessary for the software development is presented via the various 
features of the software, such as the computational tool, the operating strategies and the 
demand and supply calculations.   
Goal of this thesis was to develop and present an integrated tool capable of simulating 
district energy management. Necessarily, specific elements such as the detailed 
examination of the m-CHP technologies, the detailed simulation of the different building 
characteristics and envelope quality or the accuracy of the heat and electrical demand 
curves, can always be improved in the future taking into account the current state of the 
art. 
 
Chapter 2 summarizes the characteristics of district energy management. Information 
regarding micro-grids and central unit dispatch is given. The structure of the proposed 
district and energy requirements are presented together with a review of existing 
algorithms and approaches.   
Chapter 3 presents the generation-sharing concept of the DEPOSIT software, along with 
its demand-supply structure, control and operating schemes and strategies. The 
calculations taking place before and during the simulations are described.  
In Chapter 4, the case studies are defined: location, district type, buildings, and m-CHP 
types. Two different cities in different climates were calculated; Athens and Munich. The 
two districts have different building composition. The buildings and cogeneration units 
constituting the districts are analyzed. The energy balance results and the primary 
energy consumption and operating cost of the districts are presented in Chapter 5, 
together with the m-CHP unit usage and other deductions. Finally conclusions on the 
simulation software performance and of the micro-grid concept performance are 
analyzed in Chapter 6.  
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2 DISTRICT ENERGY 
MANAGEMENT 
2.1 Structure of the proposed district and energy 
requirements  
District heating systems were introduced to increase energy efficiency by supplying 
waste heat from central power generation plants or from cogeneration plants.  
District heating networks produce heat centrally and deliver heat to the consumers via 
hot water pipes. Piping networks go through the district’s streets and reach each 
connected building. There, heat is transferred to the buildings heating loop via a heat 
exchanger.  
The concept proposed in this thesis is based on dynamic heat exchange between the 
buildings of the district, which are interconnected with a thermal micro-grid. Each 
building features some m-chp units and heat buffer tanks. All cogeneration units and 
buffer tanks are interconnected via the thermal grid and are centrally controlled, to 
cover the heat demand of the district as a whole and not the demand of each consumer. 
Thus, the units are not directly connected to the units, but are secondarily connected 
with the units via the central pipeline system. Very high insulation of district heating 
pipes will be chosen to minimize heat losses. DEPOSIT will optimally control heat 
storage at building and/or district level and will improve utilization of resources, 
achieving control of energy consumption and application of eco-efficient criteria for the 
management of resources at district level.  
2.2 Building energy profiles  
Building profiles needed for the DEPOSIT simulation tool, are heat and electricity 
demand data with hourly resolution.  Heat demand profiles refer to the hourly averaged 
heat needed over one hour (Wh/h), to heat the building to the user internal temperature 
set point.  
Building simulations are used when there exists no measured data, regarding a 
buildings’ heat and cooling consumption. Detailed hourly heat and cooling demand 
measurements, require expensive metering stations and aren’t usually performed 
outside the academic sphere. So, the calculation of the buildings’ performance 
throughout a typical year is a common practice, in the form of a computer simulation, 
which calculates the response of the building envelope to the meteorological variations 
(typical meteorological year), and the heat needed to maintain the living parameters 
(internal temperature, humidity) at an acceptable threshold according to statistical user 
satisfaction data. 
Building simulations are also used, if the usage profile of the building is going to be 
changed, or if major renovations will be applied. Simulations help assess savings in case 
of energy saving measures. 
Electrical profiles can also be a result of measurements or calculations. Electricity is 
used in buildings for appliances, for water heating, for ventilation and for air 
conditioning. The data profile for use in the program, is requested in the form: electrical 
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energy over an hour (Wh/h). Electrical profiles are usually results of measurements 
because the simulation of the total electrical demand of a building, is a complex 
procedure that involves the precise knowing of the buildings appliances and of the user 
interaction with these appliances. However, measurements with hourly resolution are 
very rare. As detailed electrical consumption data was not available, and since the main 
aspect was the heat demand coverage, only the cooling (and in some buildings the 
ventilation, dehumidification, lighting) contribution to the electrical demand was 
considered, since it was easily available through the buildings thermal simulations.  
 
2.2.1 Thermal simulations  
Building simulations were preciously (before 1960) performed by hand, with simple 
calculations and were used to estimate the buildings consumption over a larger 
timeperiod (month, year). Transient phenomena connected to the buildings thermal 
mass, solar gains etc, were totally neglected.  Later (1970s) new calculations emerged, 
which incorporated these dynamic processes, with averaged factors. These new 
methods were energy balance methods that offered better results.  Finally numerical 
transient simulation tools (such as TRNSYS), have become ordinary and are used by 
engineers to simulate the energy performance of buildings including, transient 
phenomena, passive and active shading, slab and soil interaction with hourly or even 
minute resolution. HVAC systems are also simulated and contribute to the correct 
assessment of the buildings actual energy consumption.  (Van der Veken et al. 2004) 
Nowadays very complex phenomena in a building such as ventilation and air flow, 
thermal bridges and detailed thermal behavior can be simulated in a 3 dimensional 
building model with use of CFD (computational fluid dynamics). Often building transient 
simulations are coupled with CFD analysis to achieve detailed simulations of building 
with atrium spaces or with unusual internal heights or high efficiency facades.  this 
detailed simulation is not possible to be applied to many buildings, because it needs 
detailed modelling and is time consuming and costly.  
For the building thermal simulations of the current thesis, transient simulations have 
been performed with the use of Trnsys v. 17.01. TRNSYS is a complete and extensible 
simulation environment for the transient simulation of systems, including multi-zone 
buildings. It is a component-based, transient thermal and electrical energy simulation 
platform, which requires as input specific data regarding, building characteristics and 
climatic data. Simulations were performed with an hourly timestep. 
Some simulation results have been made available within the framework of the FC-
District program (FC district EU-Project (grant agreement no. 260105)). The single 
family house and all occupancy profiles have been simulated by the author. 
2.3 Cogeneration dispatch strategies  
The operation of micro cogeneration units, depends on many factors such as:  
a) the technology of the m-chp and its operating features and constrains (Stirling, 
ICE, Fuel cell etc.)  
b) the country policies regarding emissions and primary energy  
c) the country policies regarding decentralized electricity production and how it is 
compensated   
d) who the owner of the unit is and how it was financed 
e) the weather conditions of the area 
f) the ratio of thermal to electrical demand of the building/district 
g) the cost of electricity purchase from the net 
h) the composition of different units installed  
i) the presence and volume of the storage tank 
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j) the facility to dispose of excess heat 
The main control options are thermal control, electrical control and cost control. 
Thermal control is a thermal load following strategy which is used to cover the 
building’s/district’s thermal demand by utilizing the cogeneration units and the storage 
tanks. The cogenerated electricity is either used in the premises or fed to the net, 
depending on the feedback system, as it is presented in the next section. 
Electrical control is an electrical load following strategy which is usually followed in 
buildings of the tertiary sector (commercial buildings, factories, offices) with high 
electrical but also thermal demand throughout the year. In this scenarios, fast ramping 
cogeneration units are required which can act fast to the load variations. The units are 
always dispatched to cover as much of the electrical demand as possible. The 
cogenerated heat is used to cover the buildings demand, and if it is not adequate, backup 
heating systems are used. If the heat output is higher than the demand, excess heat is 
rejected.  In electrical following scenarios heat storage, but also electrical storage 
(batteries, flywheels etc) is needed. 
Cost control is a type of thermal or electrical control that tries to cover heat or electrical 
demand with the lowest cost or with the highest revenue for electricity. The tariffs 
associated with electricity purchase and selling in an area, determine the type of 
operation. 
a) One tariff for purchasing electricity: most simple scenario, the cogeneration 
units are dispatched only to cover the thermal demand, as it is not of importance 
when the electricity is produced.  (thermal driven) 
b) Two tariffs for purchasing electricity: one for peak hours and one for off peak 
hours: the cogeneration units are dispatched again to cover the thermal demand. 
However, a thermal storage tank can be used to shift electrical production on 
peak hours so that the electricity bill is reduced. (thermal driven) 
c) Virtual power plant operation* of many interconnected cogeneration units that 
operate independently of the heat demand, with main consideration the 
electricity revenue maximization. Following strategies could applied: 
i. Market price taker for selling electricity (electrically driven) 
ii. Day ahead hourly market price for selling electricity  (electrically driven)            
iii. Participation in the regulating power market (electrically driven) 
(Pade et al. 2013) 
 
*Virtual power plant: “cluster of distributed electricity generation units, controlled and 
operated by a central entity using integrated software. This allows power generation to 
be modulated up or down to meet peak loads and balance intermittent power from wind 
or solar, with higher efficiency and more flexibility than large centralized power 
stations” (Fuel Cell Bulletin 2012) 
2.4 Review of existing algorithms and approaches  
The micro-cogeneration potential is being examined by many researchers and for 
various applications. They point that the economic benefit of CHP systems depends on 
the heat and electrical demand profile of the buildings, fuel prices and electricity prices, 
as well as correct sizing of heat storage and m-chp type.  (Bianchi et al. 2012; Barbieri et 
al. 2012; Smith et al. 2013; Mongibello et al. 2015; Di Somma et al. 2015; Dalla Rosa et al. 
2011; Rosato et al. 2014) 
Caliano et al. 2015, focused on one building and one m-chp type and have demonstrated 
the benefits of cogeneration incentives, combined with the ability of heat dumping, as 
well as the role of heat storage in the economical savings, if no heat dumping is allowed. 
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Cho et al. 2009 proposes a linear optimization algorithm that minimizes cost for one chp 
system and one building for one time period. Each timeperiod is independent of the next 
timeperiod and can be examined autonomous. Demand data for the whole session is 
supposed to be available at the beginning.  
Ferrari et al. 2014 created a real time dispatch software, which was developed to 
calculate plant operation costs and improve the grid and m-chp management to 
minimize cost. Optimization was performed with a single timestep –window. 
 
Fragaki et al. 2008 examined a district, served by a 3MW gas engine and 250m3 heat 
storage in Britain with EnergyPRO software. They concluded that the use of a thermal 
storage, doubles the net present value of the investment return compared with the same 
size of a plant without the buffer tank.  
 
A common m-chp operation approach is the chronological order approach. EnergyPRO  
(Maeng et al. 2002) places m-chp operation in the most favorable periods for a whole 
year according to the yearly price plan (day, night , summer tariffs etc) and the demand 
characteristics. The year is divided into more than 1000 parts per year and the 
operation of the m-chp is fit to those periods but trying not to cancel future more 
beneficial calculations.  However, the whole optimization is performed when the whole 
year is available in terms of price and demand. This makes it more a planning tool and 
economical assessment tool and not a tool that simulated the actual operation. From the 
output of the EnergyPRO models, information is supplied to system operators. 
Concerning the volatility of the energy prices in the deregulated power market , and the 
fact that specified feed in tariffs are fading in many European countries and are replaced 
by spot market prices (Lund & Andersen 2005), an operation scenario is needed that is 
constantly optimized for the unknown future electricity prices. Moreover, changes in the 
demand patterns of a district, due to changes in occupant behavior, or due to change of 
building use or users, also affect the true demand and the corresponding m-chp 
operation. Overall assessment tools can help choosing CHP and storage sizes and 
developing operating plans, but do not represent the actual hour by hour operation of 
the chp units. 
   
The most common dispatch approaches involve a data acquisition system (SCADA) 
coupled with a programmable logic controller (PLC) for controlling the cogeneration 
unit. The controller can differentiate system operation depending on day of the week, of 
storage capacity and according to the operation plans provided from tools like 
EnergyPRO. Operators of CHP plants in Denmark for example, enter data in the system 
differentiated for each day of the week, and also in changing these data at least every 
month, taking into account seasonal variations in demands. 
 
According to (Cho et al. 2009)  CHP systems are often operated manually. The optimal 
fuel costs of the CHP’s are precalculated and if they are lower than specific set points, 
the CHP units are operated.   
 
Many researches focus on minimizing fuel costs, without taking electricity revenue 
prices into account (Hernandez-Aramburo et al. 2005).  
 
Moghaddam et al. 2012 focus on multiobjective minimization of distributed generation 
systems featuring a “Fuzzy Self Adaptive Particle Swarm Optimization “algorithm which 
tries to minimize the cost function while considering emissions. Optimization is 
performed for a reference day and only electrical loads are examined. M-CHP devices’ 
thermal output is also neglected. 
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Other authors focused only on the primary energy savings of CHP units. (Pohl & Diarra 
2014) proposed an approach of calculating PEC of CHP setups and showed the influence 
of production side and demand side characteristics on the primary energy saving, and 
that the theoretical potential is achievable when heat and power generation fits 
accurately to the demand.  
Schicktanz et al. 2011 examined the primary energy consumption of a combined heating, 
cooling and power system. They used constant efficiency values, full-load hours for 
heating and cooling and assessed the primary energy savings regarding primary energy 
factor evolution.  
Their analysis showed that chp systems and especially if combined with trigeneration 
systems, can have a major primary energy saving potential. The share of heating and 
cooling and electrical efficiency of the CHP strongly affect the results. 
Fubara et al. 2014 did a mathematic modelling which captures the overall impact of the 
adoption of m-CHP systems on the total primary energy usage in both generation and 
distribution. They examined three representative days, for each of the four seasons and 
claimed that m-CHP systems in residential buildings can achieve 6–10% reduction of 
total primary energy use compared to the base case(no – m-CHP), which is double the 
reduction which can be achieved by following a cost-driven strategy. However, their 
approach is not a yearly simulation and does neglect ramp rates and unit modulation. 
 
In most optimization approaches a very tight timeframe is examined and the operation 
of micro cogeneration units is optimized timestep after timestep. However, under 
critical decisions, (i.e.: a cold startup of one unit type), the cogeneration may be more 
costly than the operation of a backup system, but if the whole timeframe would be 
examined, this units operation would be more economical during the next timesteps. 
Therefore the use of complex operating strategies, as proposed in the current thesis, 
enables the careful planning of such situations and may prove to provide better overall 
results.  
Other optimization structures and algorithms (Alvarez et al. 2012) aim only to find the 
optimal operating point for covering the momentary demand, without examining the 
time shift benefit and the global optimization options that thermal storage gives and 
propose methods to minimize a global mathematical cost function, selecting the most 
efficient way to adapt production to demand and to minimize fuel cost and greenhouse 
emissions costs in the micro grid.  
 
From the bibliography examined it can be seen that a universal simulation approach of a 
district micro-grid does not exist. Many approaches exist, that either focus on one 
cogeneration system, or one building type, or solely on electrical load. Some researchers 
consider the primary energy consumption of an m-chp group but do not optimize output 
for minimum PEC. Most papers use thermal storage as heat buffer or batteries as 
electrical storage, but do not give emphasis to the benefits of interconnecting producers 
and consumers with different profiles. The general trend is towards electrical following 
m-chp units, with electrical buffer, targeting cost minimization. Furthermore most 
approaches can be divided a) into assessment tools, that calculate economic, or emission 
saving results for a time period, with optimal unit dispatch and assuming that all info 
(demand, prices, electricity market price) are available for the whole timeframe, and b) 
to dispatch tools which calculate the ideal m-CHP dispatch for a time period of few hours 
and do not focus on the energy balance and benefit of using the cogeneration systems 
for a longer timeframe. Another feature missing from all simulation approaches of m-
CHP grids (to the authors knowledge), is the integration of the fuel cell degradation, 
which is the decrease of their maximum electrical output (Staffell 2009), to the 
simulation. In standalone fuel cell simulation approaches the degradation is calculated 
by some authors such as (Staffell 2009; Zaccaria et al. 2016; Ozden & Tari 2016). Ozden 
& Tari reported about 17% performance loss with a degraded PEM fuel cell in two years. 
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This makes the integration of fuel cell degradation in a micro grid simulation program or 
a district planning tool mandatory, in order to correctly assess cost, primary energy and 
emission savings.  
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3 SIMULATION TOOL: DEPOSIT 
DEPOSIT=DISTRICT HEAT POWER SIMULATION TOOL  
Innovative district simulation tool introducing the use of m-chp technologies, thermal 
energy storage and intelligent unit control with demand forecasting for minimizing cost 
and primary energy while covering the districts heat and electricity demand 
3.1 Generation-sharing concept  
The reduction of non-renewable primary energy input and greenhouse gas emissions is 
decisive for reaching sustainable development in the energy sector and specifically in 
the building energy consumption sector.  The decentralization of the electricity system 
can provide primary energy savings through the avoidance of central generation and 
transmission losses and by achieving high total efficiencies. Distributed power 
generation in small units can help reducing emissions and save grid capacity, providing 
also opportunities for renewable energy. Lately the trend moves towards distributed 
micro cogeneration (energy conversion systems are close to the energy customers and 
smaller micro cogeneration systems are used, instead of large central power generation 
systems). The consumer may also benefit from lower energy cost, better service, higher 
power quality ,  higher energy autonomy and benefits such as tax reductions due to 
higher energy efficiency.(Moghaddam et al. 2012)     
Micro cogeneration (micro CHP or m-CHP) is defined as the simultaneous generation of 
heat, or cooling energy and power in an individual building, based on small energy 
conversion units below 15 kWel. For the last years cogeneration opted as a very 
promising solution to the energy problem showing high overall efficiency and 
minimizing distribution losses. Technological advances have led to an increased interest 
in small CHP units, with the prospects of developing units that can provide electricity 
and heat for individual buildings. (Alanne 2004)  
Relevant technical assessment studies focus on the primary energy savings achieved by 
the operation of small Internal Combustion Engines (Onovwiona et al. 2007; 
Haeseldonckx et al. 2007); Solid Oxide Fuel Cells (SOFCs) (Alanne et al. 2006; Hawkes et 
al. 2007) and Stirling engines (Alanne et al. 2010) .The environmental aspect of m-CHP 
systems has only recently been addressed in respect to their life cycle(Staffell & Ingram 
2010; Staffell et al. 2012; Giannopoulos & Founti 2010; Giannopoulos & Founti 2011). 
Micro CHP units produce electricity and heat which is the byproduct of the electricity 
process. This byproduct is used by buildings to cover their thermal demand. Electricity 
is also used by the district buildings to cover a part of their electrical needs. This process 
is more efficient than the normal electricity production process, where electricity is 
produced at a central power plant and the byproduct (heat) is dissipated into the air by 
the cooling towers. Thus, the overall efficiency of a SOFC-CHP unit is 85-90%, while that 
of the central power plant is only 33%. (Charlotte et al. 2014)  and the rest is rejected 
heat. 
However, technical constrains such as low ramp rates , low load following capabilities, 
degradation of voltage output, low power to heat outputs and mainly high purchase cost, 
creates boundaries in the widespread installation of m-chp units in individual buildings, 
especially in the residential sector , where low operating hours , act against the 
amortization of the investment.  
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Moreover, due to the nature of heat demand, which has very high peaks during high-
winter and very low values during spring and autumn, the sizing of cogeneration 
systems is very important. An oversized m-chp unit can operate less hours, and an 
undersized m-chp unit requires also a significant backup heating system to cope for high 
winter loads. Thus, many m-chp sizing techniques have been invented and are used, to 
cover as much possible of the load-duration diagram without dumping too much heat, 
always considering the economic limitations. 
Cogeneration units need to operate many hours per year in order to achieve high 
average efficiencies and also in order to be economically viable investments.  Thus, 
when a building’s demand needs to be covered, the installation of high power m-chp 
units that can cover a large percentage of the peak momentary demand, is avoided. The 
undersizing of the cogeneration device is chosen and heat buffer tanks are used. Units 
are operated continuously and with help of the heat buffer, cover the demand. A backup 
heating system is always installed for peak load coverage. Typical sizing (“largest 
rectangle”) is depicted in Figure 4 and a typical operation is depicted in Figure 3 .  
 
 
Figure 3:  Typical sizing of chp unit, (Yan & Tim 2010)  
 
Figure 4: Cogeneration sizing example: Chronological (left) and load-duration 
(right) diagram of the hourly heat demand and production throughout the year 
with the possibility to store the heat produced during two hours at full load 
(Haeseldonckx et al. 2007) 
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However, the installation of m-chp units in individual buildings, even after careful 
planning and sizing, is not the optimal solution, since the thermal and electricity demand 
of most building types feature many variations during the day and are usually limited to 
a part of the day. For example offices demand more heat and electricity for lighting and 
appliances during working hours, whilst residential buildings usually demand heat and 
electricity during the afternoon-evening and early in the morning. So cogeneration 
systems would be forced to shut down the remaining hours.  
The variations in the heat and electricity demand profiles of various building types, but 
also between buildings of the same type, can favor distributed micro-cogeneration 
concepts. In these schemes, m-chp units are installed in each building across a 
neighborhood /region/ district/block of flats and are interconnected via a small heat 
network and the electricity network. All cogeneration units are centrally controlled and 
buffer tanks are used to cover peak demands. Each unit supplies heat and electricity to 
the whole group of buildings. If for example a building needs heat during working hours 
while another building needs heat in the afternoon, heat production from the CHP units 
could be shifted to the first building first and to the second building in the afternoon. 
Due to this load variation and demand chronical scattering, a more efficient 
cogeneration concept is created. Units operate more hours, with less shut-down 
sessions and with less ramping. This is more efficient and the unit failure rate is 
reduced. Furthermore, in such a dispersed cogeneration case, the heat demand peaks, 
will be lower than the sum of the individual buildings’ peaks, due to the statistic 
variance of the time of the heat and electricity demand. Thus, the network of m-chp 
units can be undersized. The backup heating system will also cost less, in comparison to 
a case where each building has its own m-chp and backup heating system. 
Thermal and electrical storage can increase the utilization of the m-chp units and their 
more efficient operation. 
There exist many electrical storage options for managing the time difference between 
dispatch and demand, such as batteries, compressed air, pumped storage and hydrogen 
storage. Beaudin et al. 2010 performed a review of various electricity energy storage 
and analyzed their various characteristics regarding storage properties, current state in 
the industry and feasibility for future installation. 
In the current thesis electrical storage is not implemented due to high capital costs, due 
to the thermal driven operation and due to the ability to export electricity to the public 
net. On the other hand thermal storage, is used. Especially in constant operating mode 
(Case1) and in forecasting operating scenarios (Case 2F and Case3F), thermal storage is 
crucial for the operation; for storing excess heat, to manage intermittency, to maximize 
m-chp operation and savings. 
The importance of thermal energy storage regarding m-chp performance has been 
presented by many authors  (Haeseldonckx et al. 2007; Smith et al. 2013) , since it 
allows more stable m-chp operation and more operating hours which are in favor of 
system amortization and savings. Fragaki et al. 2008 showed a more than double 
investment net-present-value-return when using thermal buffer in UK operating 
conditions for a 3MW gas CHP in UK.  
In most cases sensible heat storage is used in the form of cylindrical water vessels. Other 
storage technologies are also available such as PCM tanks which use the high latent 
thermal capacity of the PCM to store more heat. The use of PCM storage units in a smart 
grid layout may benefit from higher thermal capacity of the PCM system but also smaller 
temperature interval for charging and recharging.  (Nuytten et al. 2013) 
 
In order to be able to optimize operating cost savings and electricity export profits, 
according to the power market prices, flexible unit operation is needed (modulation, 
start stop capabilities) together with heat buffer. Therefore the energy balance and the 
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unit operation through the year, the number and type of units, their characteristics, as 
well as the heat buffer tanks must be simulated when the district/plant is designed.  
(Lund & Andersen 2005) .This idea was the motivation behind the creation of DEPOSIT.  
3.2 Scope and Idea behind DEPOSIT  
As mentioned in paragraph 2.4 , the majority of available approach principles and 
algorithms regarding micro cogeneration operation and district planning are focused on 
specific aspects such as cost minimization, and are used on single units or single 
buildings. Other available software are based on feed in tariffs and ignore the volatility 
of power markets, or simply create in advance operating patterns that should be 
followed. 
From all this, a necessity emerged: to create a software that will help towards the 
creation of heating and electricity micro-grids , that will help in the setup of the district, 
in the choice of m-CHP devices and storage tanks. It must be able to calculate different 
operating strategies, for a variety of building loads and for different micro-cogeneration 
technologies and perform a yearly energy balance, cost and primary energy 
consumption analysis, which will help the micro-grid setup, depending on the targets. 
Network heat losses shall also be added to the simulation. 
DEPOSIT was developed to fill the gap in thermal following strategies and present some 
new alternatives regarding unit dispatch and storage use. It was of great importance to 
perform the energy balance analysis, with real-life operation of the units, as it would 
take place in their actual operation. Thus, every hourly timestep is examined as time-
series where past demand and operation of the units is known and affects the future 
operation, while the future demand is unknown, and is predicted for limited timesteps 
ahead. 5 different operating strategies can be examined and the benefits or drawbacks 
of each can be detected. After a simulation the user can alter some parameters of the 
district, such as m-CHP and building number or variety and rerun the simulation. This 
lead to another requirement: an automatic network creation tool, so that the user does 
not have to manually calculate pipe lengths and diameters and heat and pressure losses, 
each time the building/m-CHP mix is adjusted. Therefore, DEPOSIT creates the piping 
network, with simple assumptions, so that the energy balance is more accurate, as well 
as heat losses and corresponding fuel consumption. 
 
DEPOSIT software is useful to the three following categories of districts: 
a) New districts, which are created in remote locations and want to achieve 
complete, or a level of, autonomy. This applies to new neighborhoods, or 
multiplexes of apartments and commercial/leisure buildings created on an 
island or in new city suburbs, which are created from scratch and the 
development of local heat networks and electrical grids is easier since it can be 
planned and performed without new excavations and operations. 
b) Old district heating networks which will be transformed to micro-grids. The 
network may be refurbished and the old conventional central heating will be 
decommissioned (or kept as backup) and replaced by various m-CHP units of 
different technologies. 
c) The expansion of existing district heating networks or district network parts, 
with new heat piping network. 
d) A part of the city with regular heating which will be transformed to a 
neighborhood with local district heating, served by m-CHP units. New heating 
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The target group of the DEPOSIT are: 
 Engineers, Planners who want to design a sustainable autonomous district 
 Investors who want to finance  cogeneration systems in their building clusters  
 Energy companies that want to estimate the electricity provided to the net by 
distributed micro generation sites and the electricity demand profile of such a 
site, that is requested from the net through the year 
 Authorities who plan energy regulations and want to establish a database of 
environmental benefits by the use of cogeneration systems in districts 
 Energy efficiency tools for providing energy certificates for whole districts 
 
3.3 Structure of the DEPOSIT  
The DEPOSIT software is divided into 4 main categories (Figure 6):  
 the demand side modelling 
 the supply side modeling 
 the operating strategies  
 the results module 
Its operating scheme and flowchart is depicted in Figure 5. 
. 
 
Chapter 3: Simulation tool: DEPOSIT 
DEVELOPMENT OF A BUILDING AND DISTRICT SIMULATION TOOL, WITH DECENTRALIZED HEAT AND POWER PRODUCTION AND THERMAL ENERGY 
STORAGE             43 
 
Figure 5: DEPOSIT operation scheme 
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3.3.1 Demand Side  
Demand side refers to the modelling of the thermal and electrical demand of the district examined. Thermal or 
electrical demand data for whole districts, and especially with hourly resolution are not available (except for few 
pilot projects with metering stations). Moreover, the goal of the DEPOSIT software is amongst others to assist the 
planner in the design of the district and the buildings in can consist of. Therefore the building inventory can be 
flexible, which leads to a varying district thermal and electrical needs. Consequently the total district hourly 
consumptions, have to be modelled from individual building needs, which can be acquired from thermal and 
electrical simulations or from hourly metering data for each building type. 
In order to acquire realistic energy (heat) balance data, a detailed energy demand and supply simulation in district 
level is performed on an hourly basis. The main features of the simulation approach are presented in Figure 6.  The 
in-house developed, Matlab based, DEPOSIT software has been utilized in the present work.  
 The tool performs an hourly-based numerical simulation of the district, the piping, and its heating and power 
generation units. It calculates the total district heat demand, including piping heat losses and pressure losses 
(pumping power).  Regarding electrical demand a simply summation of the electrical demands of the various 
buildings is performed. Power losses amongst the buildings are neglected, as the public power network is used and 
power is also imported and exported. 
 
Figure 6: DEPOSIT software layout  
Chapter 3: Simulation tool: DEPOSIT 
DEVELOPMENT OF A BUILDING AND DISTRICT SIMULATION TOOL, WITH DECENTRALIZED HEAT AND POWER 
PRODUCTION AND THERMAL ENERGY STORAGE             45 
3.3.2 Supply Side  
In this methodological stage, the systems that provide the required heat to the district are 
modelled. Separate gas boilers, installed in each building of the district, are considered as 
the Reference Case for fulfilling the district heat needs. The modelling of the m-CHP case 
requires the simulation of: (a) the number of cogeneration units of each type to be installed; 
(b) basic technical constrains, such as max-min heat output, how fast they respond to load 
variations (ramp rate, partial load behavior), startup and shutdown fuel and electrical 
consumption and heat output, thermal and electrical efficiency data at all operating 
intervals and (c) the Power-to-Heat Ratio (PHR). The simulated district served by m-CHPs 
also includes heat storage tanks; required input data includes tank geometry, heat 
conductivity and the temperature outside the tanks. In order to keep the m-CHP capital cost 
at realistic levels, the installed number of m-CHP units has to be limited. Overall, due to 
these restrictions, the total heat output of the all the m-CHP units is usually not enough to 
cover the peak district heat demand, thus a number of backup boilers is required and 
installed. Moreover, it is not always profitable to operate the cogeneration units and there 
are timesteps, where the operation of the backup boiler is better from a financial or 
environmental viewpoint. 
 
3.4 DEPOSIT in Matlab environment   
MATLAB (MATrix LABoratory) is a fourth-generation programming language and a multi-
paradigm numerical computing environment developed by MathWorks (MathWorks 2016). 
It is a proprietary commercial software, which allows matrix operations, plotting of data 
and complex functions, helps implementing algorithms and creating user interfaces. 
Interfacing with programs written in other languages (C, C++, Java, FORTRAN and Python) 
is possible. MATLAB language matrix based and can express computational mathematics 
and is used by engineers and scientists worldwide to analyze and design systems and 
products.(MathWorks 2013). DEPOSIT has been created as a Matlab script, with a Guided 
User Interface (GUI), that acts as a control panel, for the quick overview and setup of the 
many simulation parameters, which are required. The program utilizes the various Matlab 
libraries, with the neural network library being one of them. 
3.5 Problems addressed 
3.5.1 Demand 
District energy networks/systems hot water/steam or even chilled water centrally. Energy is 
usually distributed to the buildings through a network of buried, insulated pipes. Combined 
heat and power plants have a better fuel utilization efficiency; they produce electricity and as 
a byproduct heat, which is delivered to the district heat network users, instead of been 
dissipated to the air, as in a regular power plant.  
In the proposed scenario different cogeneration technologies, are used to produce electricity 
and their exhaust heat is used to heat up the district heating water. Micro CHP’s are not 
installed centrally, but in every building of the District. Each building has a heat demand 
which must be covered. In the proposed scenarios this heat demand, is not covered directly 
by the unit which is installed in the building. There is no direct connection between the 
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buildings’ m-CHP and it’s radiators or floor heating. Contrariwise the m-CHP is connected to 
the district heating pipes and through the district heating pipes, via a heat exchanger to the 
floor heating of the building. Main reason for this strategy is the usage of small capacity units 
which are not able to cover the heat demand of the building itself during most of the time. 
However, the clue is to take advantage of the not coinciding heat demand of the district 
buildings/clients. Various types of buildings are linked to each other, and each different 
building has a different heat demand pattern, due to diverse construction materials and 
insulation levels, due to various geometries and orientations but also due to different user 
profiles.  
Users interact with buildings and can influence the energy demand profile of a building in 
various ways. Physically every person emits heat through breathing and perspiration and 
through radiation. The heat is separated into sensible and latent heat. The heat emitted by 
the occupants reduces the heating demand in the winter but increases the cooling demand in 
the summer. Consequently, the presence or the absence of a person in a room is considerable. 
Mentally a person can also affect the buildings behavior and needs with settings such as 
adjusting the heating or cooling thermostat. Moreover, the habits of the occupant and the use 
of various appliances during the day strongly affect the electricity demand profile but also 
the heating and cooling demand profile, because of the heat emitted by the appliances. 
Electricity used by indoor electric equipment is to a large part converted into heat and 
emitted in the room.  
In buildings of the tertiary sector, such as office-buildings or hotels, the energy demand 
profiles do not show significant variation (Lam et al. 2003). For example, the internal gains 
for office buildings are similar between different buildings. Moreover, because of a 
standardized “working hours” pattern, the heat and cooling demand profiles depend mostly 
on the building envelope. On the contrary, in single family houses the situation depends on 
the user’s age, occupation, family status and habits. The heat and cooling demand profile and 
the electricity demand profile are completely different for e.g. a couple in retirement and for 
a working couple. During working hours the later may have the heating completely turned 
off, while the elderly couple at the same time may have the thermostat at 23-24°C. 
 
This differentiation in heat demand curves, even in buildings of the same type is favorable for 
our district heating concept. Peak demands do not coincide so that the small capacity m-CHP 
units can cover the demand at a great percentage. Moreover, this variation of load profiles 
can lead to implementing load shifting between the various buildings. If, for example, a 
building needs heat during working hours while another building needs heat in the afternoon, 
heat production from all the small CHP units could be consumed by the first building in the 
morning , whereas it would be supplied to the second building in the afternoon, when the 
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3.5.1.1 Heat demand data 
Heat demand is the thermal energy required to maintain the buildings internal temperature 
at a defined setpoint. It is the thermal energy required to compensate thermal losses from 
the buildings envelope and losses by ventilation/infiltration minus the internal heat gains 
from people, equipment and solar gains, with respect to the effect of the buildings thermal 
mass. It does not include piping losses (outside the building) and other energy 
transformation losses (boiler efficiency). Heat demand from simulations, measurements or 
statistics can be used. If data from measurements is used, temperature setpoints and 
operating patterns are in most cases unknown, as they are chosen directly by the user and 
usually they are not stored. In case of building simulations temperature setpoints for 
heating are entered by the engineer according to user satisfaction curves given by 
standards such as (ASHRAE 2013)). Operating patters are also chosen and entered 
depending on the usage of the building. 
 
DEPOSIT requires hourly data values for the district simulation. Thus, thermal demand 
must be expresses as thermal energy per hour. Input must be entered per building type. A 
total of 16 different heat demand profiles can be entered. They must have similar geometry 
or district pipe types in the following pattern: 10, 2, 2, 2. A data file must be created with the 
8760 hourly values for the average year. The number of every building type is also required 
for the calculation of the district heat demand.  
3.5.1.2 Calculation 
The total district heat demand is calculated according to the input of the user using 
equation 1. The input data is given in hourly time-steps. The data for every building type is 
multiplied with the number of buildings of this type. A database of hourly heat demand for 
the sum of buildings of every type is created and finally for the total buildings of the district. 
The sum of all the heat demand curves of the district during the timesteps of the simulation 
form the power needed to cover the districts thermal demand. The area of this curve in a 





timestep district bui bui
bui buildingtypestimestep
HeatDemand HeatDemand n dt

                                  1) 
 
At every timestep the district requires some thermal energy. However, the m-CHP units and 
the backup systems (buffer tank, backup boiler(s)) or the reference case’s boilers have to 
produce more energy to compensate for the thermal losses of the piping network. The total 
heat requirement of the district including the various piping losses is different in the 3 
examined cases, because the heat losses differ from case to case, as mentioned in 3.5.3.5.  
Piping losses are added to the heat demand, so that the total heat demand is calculated 
which is the thermal energy that the heat generating units have to produce, to keep the 
buildings warm and also compensate for the network losses. 
    
3.5.2 District layout creation and building placement 
The DEPOSIT software focuses on the operation of micro cogeneration units and the 
coverage of the demand heat (and electrical in Cases 3 and 3F) with the minimum primary 
energy consumption or the minimum operating cost. The software is a district simulation 
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software which calculates district demand, unit outputs, consumptions etc. The goal of the 
software is not the 100% simulation of an actual district with all the pipes, intersections, 
individual buildings, valves and other complex installations. Goal is the approximation of 
the district demand, of the piping heat losses, of the pipe pressure drops and the 
corresponding pump electricity consumption and how this demand will be covered 
optimally by the m-chp units, storage tanks and backup boilers. DEPOSIT gives the option of 
simulating many different district setups, with different number of buildings, cogeneration 
units etc. This can help the designer/investor/ESCO to create a better district micro grid, 
which will reach its primary energy saving, or emissions saving or amortization goals 
better.  Since many different district setups are going to be simulated, with different 
number of buildings, different pipe diameters ,lengths number of units , and the district 
layout is neither always known nor easy to design and in order for the simulations to be 
better comparable a district layout plan is automatically created by the computational tool. 
According to basic information provided by the user, the computational tool, places the 
buildings in specific places in building blocks, connects the buildings to the street piping 
networks, which are connected to the main piping lines. For the creation of the network 
following information is needed: 
 
 Floor to Area Ratio (FAR) for each building type 
 Building width and length to specify the building site with help of the FAR 
 Horizontal distance (parallel to the street) between buildings of the same type 
(from center to center) 
 Horizontal distance (parallel to the street) between different building types 
 Distance from the heat exchanger of each building type to the street network  
 Additional piping lengths connecting supply with return pipes 
 Street width 
 
3.5.2.1 Building placement 
The computational tool places buildings in a grid in the district area.  
First the area of the site of each building is calculated.  The building site area is calculated by 
dividing the floor space of each building with the floor area ratio (FAR). The building block 
size is known and building sites are placed to “fill” the building blocks.   
Following assumptions are made for the creation of the district heating network. 
Building blocks are formed by the surrounding streets. Each building block is divided into 
two columns of buildings, left and right. Each column (half-block) is connected to the 
district heating system at the nearest street. The left half-block is connected to the street on 
its left and the right half-block with the street on its right.  Each street pipe covers the 
demand of the half-blocks on both sides. (Figure 7) 
The total site area is the sum of the sites of all buildings in the district. By dividing the total 
site area with the area of a half block the number for half blocks is calculated. 
The loop-creator randomly assigns the available buildings to half-blocks. 
The first 4 half-blocks are connected to 4 loops (1loop per half-block).  After 4 half-blocks 
we have 1 loop every two half-blocks (Figure 8). A coordinate system is created, with the 
distances of the buildings (on both sides of the street) from the beginning of the street 
(from the intersection with the MAIN Street).  
Finally the main-loop piping system is formed. The main pipe runs across the width of the 
block, and supplies heating water to the loops of each street. 
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The width is calculated by dividing the block-area with the block length. The block-length is 
the max coordinate of the loop.  
Pipe terminology: 
Xmainloop (type1): Main distribution lines that supply to the street pipes (or collect all 
returns from street pipes) 
Yi pipes (type 2): Street distribution pipes Yi divided into pipe segments  
type3: Pipes from buildings and cogeneration units to street distribution pipes 
type4: Pipes from cogeneration units group 1 to the street distribution pipe. They have the 
length of the corresponding type 3 pipes  
type5: Pipes from cogeneration units group 2 to the street distribution pipe. They have the 
length of the corresponding type 3 pipes 
type6: Pipes from cogeneration units group 3 to the street distribution pipe. They have the 





Figure 7: Example placement of buildings and cogeneration systems in building 
blocks and corresponding district heating pipe lengths  
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Figure 8: Two example districts with 2 (up) and 5 (down) building blocks 
respectively and pipe formation 
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3.5.2.2 Pipe network creation  
 
 
A pipe loop creator (loop-creator) function is called for the building placement decided by 
the previous function. A basic district network layout is created; it consists of a main piping 
network (Xmainloop-pipes) which supply the street pipes (Yi). Every street is a different 
loop. Each street loop covers the water flow demand of the buildings and Cogeneration 
units left and right of the street (the left part of the building block on the right side of the 
street and the right half of the building block on the left side of the street). Each building 
and cogeneration unit at this street-loop is connected in parallel and forms the “bypass-
loops”. The street pipe is called “Yi” and the bypass pipes going to each building are 
“Ypipes”. The length of “Ypipes” is twice the distance from the middle of the road to the 
building (supply+return pipe).  
Then another function is called (“pipedatafile”). This function creates an array with each 
loop, its’ pipes and their characteristics (length , radius , water flow). 
 
 
Figure 9: District layout and flow conservation, with 5 building blocks and 7 street 
loops.  
The water network works after the mass conservation principle. The flow of the main pipe 
(Xmainloop) after each intersection with another pipe (Yi) is lowered by its corresponding 
flow rate, if it is a supply pipe, or increased by that flow rate, if it is a return pipe. The same 
principle is valid for the Street pipes (Yi); the flow after each Yi-segment is lowered by the 
flow amount to each building or cogeneration (Ypipe), at that coordinate).  (Figure 
9&Figure 10) 
 
Finally a function is called, which assists the user choose pipe diameters with help of the 
maximum desired pressure loss per pipeline meter. There is a trade of, between pipe 
pressure loss and heat losses, because increasing the diameter leads to lower pressure 
losses, but also increased heat losses due to the larger external surface and vice versa. 
“Diameter-suggestion” function simulates the heating water flows in the whole district heat 
network and calculates the needed diameter for each pipe in every loop in order to achieve 
the design pressure loss (Target Pressure Loss TPL) at maximum operation (maximum 
water flow according to the maximum yearly heat demand and the maximum water flow to 
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the Cogeneration units according to their maximum thermal output).  So each pipe type, 
according to its position in the network and the flow, is assigned a proposed inner diameter, 
in order for the pressure loss per length, not to be higher than the TPL. Finally of all 
proposed diameters for each pipe type, in the various places of the network, the maximum 
is chosen, so that the pressure drop in the worst situation is <=TPL.  
The calculated diameters are displayed to the user and he has the option to restart the 
program and change the radius of the district pipes or to ignore this message and continue 
with his already selected pipes. If the user choses to restart the simulation he can enter 
values close to the ones suggested (depending on available standardized diameters) and 
rerun the program. 
 
During each timestep of the simulation and according to the individual heat demand of each 
building and the heat output of each m-chp unit, the necessary flow is determined for each 
pipe. The flow of the Ypipes connecting buildings and cogeneration units to the street loops 
is determined first, then the street pipes (Yi) flow is calculated, depending on the flow 
demand of the Ypipes they are connected with. Finally the main pipes (Xmainloop) flow is 
calculated at each segment between the street loops. On Figure 9 and Figure 10 the flow 
calculations are presented. For all the calculations, supply and return temperatures are 
considered constant. For more information regarding pressure drop calculations and pipe 





Figure 10: Pipe segments in a part of a half-block and corresponding flow 
conservation in supply pipeline 
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3.5.3 Pipe heat losses 
3.5.3.1 Objective  
Pipes losses are a crucial parameter for evaluating a district heating network. If the losses of 
the network are significant, this could lead to the whole project being of no financial or 
environmental profit. Good pipe insulation, underground placement of the district pipes and 
a clever designed piping network, with short piping distances is essential. The aim of the 
DEPOSIT, is the correct evaluation of the CHP-district’s capabilities to lower the primary 
energy consumption and lessen the environmental impact of heating up those buildings. 
Without a proper pipe losses model the energy balance will be incorrect. Therefore a 
routine has been created which simulates, at each time-interval, in a simplified way the heat 
losses of a district heating network. 
 
3.5.3.2 Pipe discretization  
Heating pipes in DEPOSIT are divided into two main categories:  a) underground piping of 
the district network’s heating loop and b) horizontal piping exposed to the air inside the 
building or in its basement, distributing the energy from the district heating loop or from 
the in-house boiler to the vertical pipes, transferring heat to the buildings floors.    
3.5.3.2.1 Underground piping 
A district energy system involves a piping loop. It delivers heat from the heating system to 
the end users. In the thermal micro-grid proposed in the current thesis, the piping loop 
connects all m-CHP units and consumers and storage tanks. 
Underground piping is divided into supply and return water network. Supply network 
contains the group of pipes delivering hot fluid (usually water or steam) to the buildings heat 
exchangers, while return network is the group of pipes returning the heating medium at a 
lower temperature after it passed through the buildings heat exchanger and gave thermal 
energy to the buildings closed heating loop. 
Supply and return pipes are installed side by side because at every branch from a supply pipe 
to a heat exchanger, a return line needs to feed back into the return pipe.  
 
The DEPOSIT-tool automatically calculates the underground piping length. This allows of 
many combinations of buildings to be tried out and the execution of many simulations with 
different settings and strategies. 
   
3.5.3.2.2 Horizontal distribution piping in buildings 
In order to approximate the pipe heat losses more accurately, the horizontal distribution 
piping has to be modelled and implemented in the heat loss calculation. The heat losses of 
the horizontal distribution loops are added to the total thermal energy of each timestep that 
needs to be produced by the heat generating units. The length of horizontal distribution 
subsystem, delivering hot water from the district heating loop or from the boiler to the 
buildings vertical heating pipe shafts, can be calculated according to pr EN 15316-2-3:2006 
2006  .  
For pipes placed in shafts at the external walls, the length is given by equation 2. 
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       2) 
Lv= 2×Li+0.01625×Li×Bi2      
Li = length of the building  
Bi = width of the building  
The pipe length in the vertical shafts and from the vertical shafts to the heating loops of each 
building is not included in the simulation, because it is usually in heated space. Their heat 
losses, are therefore limited. The influence of these pipe losses is not important in the overall 
heat balance. Moreover, it would make the calculation more complex. 
 
3.5.3.3 Pipe Losses Calculation:  
All buildings in the proposed district are fitted with low medium temperature heating. The 
district network will operate (in the performed simulations) at 70°C and will be connected 
via heat exchanger to every buildings heat distribution network. 
For the calculation of the pipe losses of the supply network the heat medium temperature 
will be assumed constant at 70°C. 
An estimate for soil thermal resistance according to ASHRAE 2008 has been used. This 
estimate is sufficiently accurate (within 1%) for the ratios of burial depth to pipe radius 
indicated next to equation 3. Both the actual resistance and the approximate resistance are 
presented, along with the depth/radius criteria for each. 
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where 
Rs = thermal resistance of soil, (m·K)/W 
ks = thermal conductivity of soil, W/(m·K) 
d = burial depth to centerline of pipe, m 
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The thermal resistance of a pipe or any concentric circular region is given by equation 4. 











                       
         
                                        
         
where 
Rp = thermal resistance of pipe wall, (m·K)/W 
kp = thermal conductivity of pipe wall, W/(m·K) 
ri = inner radius of pipe, m 
r0= outer radius of pipe, m 
From equation 3 and 4 we can calculate the total thermal resistance of an insulated pipe 
(equation 5). 
                     5) 
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where 
r1 = thickness of insulation layer 1, (m) 
r2 = thickness of insulation layer 2, (m) 
k1 = thermal conductivity of insulation layer 1, W/(m·K) 
k2 = thermal conductivity of insulation layer 2, W/(m·K) 
 
 
For the horizontal distribution piping in buildings which are not underground and their 
boundary layer is air, the soil thermal resistance in equation 5  is replaced with a thermal 
resistance for horizontal thermal transition to the air (in inside places), as seen in equation 
6. 
                      6) 
Rair=0,10 m²K/W × 2 × π × rtotal = 0,2 × π × rtotal  (W/mK)  
 
Two buried pipes 
Supply and return pipes are assumed to be buried in the same spot close to each other, for 
ease of installation. Pipes losses in this case are not the same as if the pipes where installed 
far away from each other, mainly because we have heat losses from the supply pipe to the 
return pipe. Some correction factors have to be used (ASHRAE 2008).  The correction 
factors needed are calculated with equations 7&8: 
       7) 
θ1=(Tempp2-Temps)/ (Tempp1-Temps)  
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       8) 
θ2=1/θ1=(Tempp1-Temps)/ (Tempp2-Temps) 
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The effective thermal resistance for each pipe is given by equations 11&12, with use of the 
P1 and P2 parameters given in equations 9&10. 









































θ=temperature correction factor, [dimensionless] 
P=geometric/material correction factor, [m x K /Watt] 
Reff= effective thermal resistance of one pipe in two pipe system, [(m·K)/W] 
Rtotal= total thermal resistance of one pipe if buried separately, [(m·K)/W] 
Tempp1=temperature of water in pipe 1, °C  




Heat transfer rate : 
 
The heat transfer rate is calculated according to (ASHRAE 2008)  by dividing the overall 
temperature difference by the effective thermal resistance in equation 13: 
 









                                                                                                                                          
  
          
 
where 
Reff= effective thermal resistance of one pipe in two pipe system, (m·K)/W 
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Tempf = fluid temperature, °C 
Temps = average annual soil temperature, °C 
Qloss,pipe = heat loss or gain per unit length of pipe, W/m 
 
In order to simulate more accurate the increased pipe losses in the winter when the heat is 
needed, but also the decrease of pipe losses in the summer, equation 13 was calculated for 
every timestep. The supply and return heating medium temperature is assumed constant on 
the average volume of the supply and return pipes respectively, as the system will operate 
at a fixed temperature difference between supply and return with a modulating water flow. 
Pipe losses for the supply and the return network are calculated with the water 
temperature entered by the user. 
 
 
Equation 13 is being transformed to equation 14.  
 










                      
    
where 
Temps,timestep = soil temperature at each timestep, at the specific depth , °C 
 
Kasuda and Archenbach (Kasuda & Archenbach 1965) found that the temperature of the 
ground is a function of the time of year and the depth below the surface and could be 
described by the correlation in equation 15. 
 
              15) 
0.5( /365/ ) 0.5
, cos(2 / 365 ( / 2 (365 / / ) ))
d
s timestep mean amp now shiftt Temp Temp e t t d
            
 
        
      
 
Where: 
Tempmean = Mean surface temperature (average air temperature),°C 
Tempamp = Amplitude of surface temperature (maximum air temperature minus minimum  
  air temperature), °C  
d = Depth below the surface , m  
tnow = current time (day) 
tshift = day of the year of the minimum surface temperature (day) 
 = Thermal diffusivity of the ground (soil), m²/h 
 
Thermal diffusivity is estimated by using equation 16 . 
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           in [m²/h]                                                                               
Where: 
ks  = soil thermal conductivity , W/mK 
ρs = density of soil, kg/m³ 
cs = dry soil specific heat ,  kJ/kgK       
cw          = specific heat of water , kJ/kgK       
w           = moisture content of soil, % (dry basis)  
 
 
3.5.3.4 Pipe losses information and assumptions 
Usually buildings cover their heat demand with decentralized systems. Every house or 
multifamily house/hotel/office has its own heat production system, like an oil/gas fired 
boiler or a heat pump. Heat losses in that case occur in the following steps: 
a. Exhaust losses of the heating system 
b. Piping thermal losses of the horizontal piping network in every building from the 
heating system to the vertical pipes delivering heat to the floors. 
c. Piping losses of the vertical pipes delivering heat in a building from the basement to 
the floors 
d. Piping losses of the last part of the pipes/heating loops delivering thermal energy to 
the radiators/floor heating 
e. Local minor losses 
In a district network “a.” refers to exhaust losses of the central heating systems (m-CHP’s or 
a central power plant or a central boiler array) and there are also piping losses from the 
district supply and return pipes which are usually buried in the soil. In the district case heat 
losses occur in the following steps:  
a'. Exhaust losses of the central heating system (m-CHP’s, central boiler(s)) 
b'. Piping thermal losses of the horizontal piping network in every building from the 
heating system to the vertical pipes delivering heat to the floors. 
c'. Piping losses of the vertical pipes delivering heat in a building from the basement to 
the floors 
d'. Piping losses of the last part of the pipes/heating loops delivering thermal energy to 
the radiators/floor heating 
e'. Piping thermal losses of the district supply and return pipes 
f'. (Buffer tank heat losses , if buffer tanks are installed) 
g'. ’Reheating energy for warming up the network after a shut-down period 
h'. ’local minor losses  
3.5.3.5 Pipe thermal loss assumptions per operating scenario 
DEPOSIT computational tool can simulate three different district types: a) a reference central 
district heating system , b) a reference district with decentralized heat generation boilers and no 
heating network and c) the micro cogeneration district with buildings and m-CHP units 
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interconnected by a thermal micro-grid of pipes. Pipe thermal losses are different for each of the 3 
district types.  
 
Central Reference Case: (central heat generation with gas fired boilers) [not used in 
Athens and Munich simulations] 
The central heat generation is dispatched on demand. When the district needs heating, the 
central heat generation is fired and hot water flows through the district pipes. Pipe losses 
are calculated for that period in the district heating pipes and in the horizontal distribution 
pipes in the buildings with active heat demand. Usually in the heating period there is a 
continuous demand in a district. After spring and till the autumn there are longer periods, 
with no demand at all, depending on the weather conditions. The following strategy is 
chosen here: the central gas boiler cascade is fired only when there is demand. So pipe 
losses are calculated only then. In order to retain the calculation realistic, when the central 
heating is switched on (District demand>0), then all the pipes have to be reheated to the 
desired supply temperature. The thermal energy needed to reheat the piping network in a 
switch on is calculated in equation 17. The calculation is repeated at every timestep and the 
energy is stored. If the central heating is switched on, then this energy is added to the 
Demand that has to be covered. The central reference case is not used for the two simulated 
case studies.    
 
Decentralized: (decentralized heat generation with no district network (each 
building has its own heating system)  
In the decentralized heat generation case, every building has its own heat generation 
system. There is no district pipeline.  
The system is assumed to be dispatched on demand. The oil/gas boilers are switched on 
and off, depending on the users’ settings and the buildings internal temperature. If a 
building thermostat reports a heat request, the boiler provides thermal energy to the 
heating terminal units. Energy is lost in the buildings heating pipes. From the three piping 
parts ( a)inside each apartment, b) in the vertical shafts from the apartments to the 
basement and c) horizontal pipes in the basement) the most significant losses are the last 
(the pipes from the boiler to the vertical shafts) , due to the greater temperature gradient in 
the basement. Only these piping losses are calculated by the DEPOSIT program in the 
decentralized reference boiler case.  
 
Micro cogeneration cases: The cogeneration cases (Case1, Case2, Case2F, Case3 and 
Case3F), involve a district heating network which connects the m-CHP units to the 
buildings. When buildings in the network require heating power, the network loses thermal 
energy to the environment (surrounding soil and unheated basements), as its temperature 
is kept at the supply and return temperatures, which are higher than the temperature of the 
soil and the unheated basements.  
The complete pipeline is assumed to be “warm” when there is demand in the district.  
Also when the m-CHP’s are in operation, the district piping network is kept at operating 
temperature even when there is no heat demand in the district. Hence, in the micro 
cogeneration case, the same piping losses are calculated by the computational tool, as in the 
central reference case, with the difference of calculating district pipe losses, if the m-chp 
units are in operation, even when there is no demand.  
 
Cogeneration technologies that have minimum operating limits, such as fuel cells, are 
switched off during the summer period, as heat demand is almost zero in most cases. Excess 
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heat has to be avoided and even with large buffer tanks, cannot be stored for the whole 
shutdown period. (Seasonal storage can be simulated with DEPOSIT software but due to the 
very large purchase cost, is not used in the simulations). Once the network is reheated 
(when the first heat demand is requested or when the cogeneration units are restarted after 
the summer break), the pipes have to be reheated to the desired temperature. Each 
timestep with the heating shut down, the pipe losses are simulated and the new water 
temperature is calculated, which drops gradually. The water temperature in the summer 
slowly reaches the soil temperature. The thermal energy needed to reheat the piping 
network, is calculated in equation 17. If the micro CHP units are switched on, this energy is 
added to the demand that has to be covered.  
 
An overview of the calculation assumptions of the DEPOSIT computational tool regarding 
the piping losses is shown in Table 2. 
 
 
       17) 
3.6







ΔΤoff = The water temperature decrease after the district heating system is shut-off calculated 
in equation 18.,°C 
Vpipe = The water volume in the district heating supply or return pipes,m³ 
Wreheat= Thermal energy needed to reheat the pipes to the desired district network 
temperature, Watt x 1hr 
ρwater = Density of water ,kg/m³ at 40°C (density change with temperature is not sufficient  
              for a more detailed calculation of the density  
cw  = specific heat of water, kJ/kgK at 40°C 
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Vpipe = The water volume in the district heating supply and return pipes,m³ 
Qloss,district-off= Thermal losses of the district supply and return pipes, when the district heating 
is off, calculated with equation 19, [Watt x 1h], 
ρwater = Density of water ,kg/m³ at 70°C (density change with temperature is not sufficient  
              for a more detailed calculation of the density)  
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cw  = specific heat of water, kJ/kgK at 70°C 
 
       19) 
sup sup, , 1 , , , 1 ,
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,sup ,
( ) ( )water timestep s timestep ret ret water timestep s timestep
loss district off
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Lengthsup= supply district heating pipes length, m 
Lengthret= return district heating pipes length, m 
Tempf= pipe water temperature (sup=supply, ret=return) , °C 
Temps =soil temperature at pipe installation depth (equation 15) 
Rpipe= pipe-soil total thermal resistance, (m·K)/W (equation 11,12) 
 
 
Pipe losses and efficiency losses must be calculated and added to the heat demand of the 
individual buildings (3.5.1.1), that forms the heat requirement of the district as a group, so 
that the total end energy required is calculated. Depending on the examined case and the 
status of the consumers and the cogeneration units, some losses apply and others don’t 
(Table 2). Minor losses and reheating losses for the inside pipes of buildings are neglected. 
Exhaust losses of boilers and cogeneration units are included in the thermal efficiency of the 
units, that is used to calculate the fuel and primary energy consumption and cost. 
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Figure 11: Pipe losses calculation flowchart 
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3.5.4 District pipes selection 
In order to make the district heating loop thermal and pressure losses calculations, the 
computational tool needs details and characteristics regarding the pipes, such as 
diameters, insulation specifications and width, friction parameters. 
District pipes are divided into 9 categories for the underground pipes (main network, 
street loops, 3cogeneration units , 4 building types) and building horizontal distribution 
lines (after the heat exchanger , in the basement of each building). Horizontal distribution 
pipelines are divided into 2 categories for small and larger buildings. For all the categories 
the user must enter the required data in the software. 
In order to help the user assess the correct pipe diameter, a pipe choosing tool is 
integrated into the DEPOSIT code. It helps the user choose a diameter in order to keep 
pressure losses and respectively the pump power (needed to compensate the pressure 
losses) under a desired level. The TPL method is used. 
3.5.4.1 Target pressure loss (TPL) 
Pipe diameter affects pressure loss in a district heating system and therefore the electrical 
power demand of the pumps.  For the design of district heating system the TPL value is 
used. TPL stands for target pressure loss and is the desired pressure loss per unit length. 
TPL is used in order to determine the smallest diameter that will be used in a district pipe 
system. District systems in European countries are designed using TPL values of 100Pa/m, 
while some countries use TPL from 100-500Pa/m (Hlebnikov et al. 2007; Hlebnikov et al. 
2009; Uloa 2007). 
 
3.5.4.2 Diameter Calculation with TPL 
The user enters the desired TPL value. The computational tool calculates the suitable pipe 
diameter for having this pressure loss at maximum flow rate, for each pipe segment. 
(Pirouti et al. 2013). Calculation is done using equation 20. 
 













      
fpipe=friction factor for pipe segment [-] 
m max=max flow rate for pipe segment, kg/s 
ρw=water density at 70°C 
 
 
Re= Reynolds number (equation 21), which is needed for the friction factor calculation. 




                
Where: 
u=velocity, m/sec 
Dh=hydraulic diameter = normal diameter in circular pipes , m 
v=kinematic viscosity of water at 60°C, m2/sec 
 
Friction coefficient calculation depends on the flow type. In laminar flows with a Reynolds 
number under 2300, the friction coefficient is calculated from equation 22. 
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        
 
In turbulent flows with a Reynolds number > 4000, the friction coefficient is calculated by 
the Colebrook equation. (equation 23)  











       
 
Where: 
ε=pipe roughness, mm 
 
Pipe diameter is calculated and proposed to the user. This is the inside diameter. The user 
then may restart the simulation and enter a pipe diameter (radius), available in the market 
that is very close with the result of the tool. 
 
3.5.5 Pipe pressure losses- pumping power assessment 
 
The program continues and the simulation begins. In each case the “pipedatafile” function 
is called again to create the loops with the actual water flows needed at that timestep. The 
simulation continues and the “pressuredropcalculation” function is called. It calculates the 
pressure drop along the various water network routes. The maximum pressure drop has 
to be compensated by the district heating water pump. The water pump electrical power 
consumption is calculated for the timestep and used by the main simulation for 
determining primary energy consumption and cost. 
 
Head loss is calculated with the Darcy-Weisbach equation (equation 24):  








                                                                                                            
The Swamee Jain equation is used to directly solve the Colebrook equation to find the 
friction factor for turbulent flow, as shown in equation 25 (Swami & Jaine 1976):   















D= pipe diameter , m 
 
The pump power was calculated by using equation 26  (Pirouti et al. 2013; Snoek 2002): 
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Where npump = pumps mechanical and electrical efficiency combined 
ρ=water density [kg/m3] 
m=water mass flow [kg/sec] 
 
Δpmax is the maximum differential pressure drop calculated, from the maximum head loss 
amongst the network routes, with equation 27.  
         27) 
max f,maxwaterp g h     
 
Where: 
g=gravity acceleration [9.81 m/sec2] 
hf,max=maximum head loss, m 
3.5.5.1 Minor pressure losses  
As most pipe systems are not only straight pipes, apart from the Moody friction losses, 
there are local pipes losses from additional components (pipe entrances and exits, valves, 
fittings, curves, bends, tees, heat exchangers, expansion and contractions etc) that add to 
the total head loss of the network. These losses are known as minor losses, as they usually 
are a small fraction of the total friction losses. However, this is not always true (as for 
example a partly closed valve may lead to a higher head loss than a long straight pipe) 
(Kudela n.d.). 
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
          28) 
Where Δp =pressure drop, Pa 
u=water velocity, m/sec 
g=gravity acceleration, 9.81 m/sec2 
KL=local loss coefficient [-] 
m’=mass flow, kg/sec 
 
According to Skagestad & Mildenstein 1999,  heat exchangers are frequently chosen so 
that they provide a resistance drop of 50 kPa  at maximum flow between the supply and 
return pipe.  
   
The factor ξ is calculated in the loopcreator function for the heat exchanger in the 
buildings and for the heat exchanger in the cogeneration units, according to the maximum 
head loss that the user/designer has specified. Four different heat exchangers are entered. 
One for all buildings and one for each cogeneration unit. According to the pressure drop 
entered by the user and the maximum water flow through this heat exchanger, the ξ - 
coefficient is calculated for each building and cogeneration unit. Then factor ξ is used in 
the simulations for calculating pressure drop, according to each hour’s water flow in that 
pipe segment. 
 
So, minor losses were calculated for the heat exchangers with help of the maximum 
pressure drop designed for these heat exchanges under maximum flow. Other minor 
losses such as curves, bends, valves expansions, tees etc were taken into account by 
increasing pump power by 10%.   
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3.5.6 Heat Buffer 
Thermal energy storage is used when generation and demand do not overlap. If heat 
generation , for example by a solar thermal system takes place during the day, and heat 
demand or hot water demand is on the same night , thermal energy has to be stored for 
some hours to meet the demand later, when there is no sunshine. Heat buffers help 
matching the generation to the heat load. In the proposed scenario the district is heated by 
micro-cogeneration units with low peak thermal outputs compared to the districts peak 
demand. During peak hours this output could not cover the demand of a single family 
house. However, because there are different dwellings and buildings with different uses in 
the district, demands may not coincide. Hence all the cogeneration units of the district 
together may/will be able to cover the requirements of the buildings with active demand 
during that time. However, there are also periods where there is almost no heat demand in 
the district. For example during the night or during a warm day in the winter. Not all 
cogeneration unit technologies are able to shut down often. SOFCs for example cannot 
shut down and restart often, because the thermal stresses due to the extreme temperature 
differences, damage the unit (see chapter 4.3.1). As a result during this timeperiod the 
heat produced by the units will have to be discarded or can be stored in a heat buffer. If 
being stored in a heat storage tank, this thermal energy can be used later, to cover the 
district heat demand in conjunction with the momentary output of the cogeneration units.  
Furthermore the use of thermal demand forecasting in Cases 2F and 3F , utilizes the heat 
buffer and proactive generation to be able to utilize m-CHP units as much as possible to 
cover future peak demands, but also to take advantage of favorable electricity market 
prices or high electricity  primary energy factors and maximize revenue or PEC savings. 
Thus, these cases require storage tanks.  
 
3.5.6.1 Buffer tank energy content 
Heat can be stored in a variety of ways. Usually a material is heated, increasing its 
temperature, and storing the heat as internal energy within the material. If the material does 
not change its phase or its chemical composition this procedure is known as sensible heat 
storage. 
The amount of thermal energy that is stored in a material is given in equation 29. 
           29) 
wQ m c  
         
 
Where:  
cw: specific heat, kJ/kgK (of water in this case) 
m: mass, kg (mass of Water in this case) 
ΔΤ=temperature gradient [K]   
 
In order to  increase the available energy density and subsequent the available heat capacity 
of the storage tank , solids (e.g., rock, concrete, etc.) and liquids (e.g., water, glycol, etc.) of 
high mass and specific heat shall be used; a higher storage capacity per volume will reduce 
the storage volume and cost and the smaller external surface will result in lower storage 
tank losses (Cruickshank 2009).    
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Only sensible heat storage is considered in the current version of the DEPOSIT program. A large 
storage vessel filled with water is considered to act as a storage tank. No temperature 
stratification is considered. 
 
 The maximum possible temperature of the storage tank medium (water) is the 
output temperature of the cogeneration units. In the described system, with all the 
units, the consumers and the heat buffer connected to one network, this is equal to 
the network supply pipe temperature.  
 The minimum temperature at which the storage tank is coupled to the net is equal 
with the networks return water temperature. At this temperature the heat buffer 
is supposed to have no thermal energy stored. 
 At the beginning of a timestep, the water temperature is checked (which is the end 
temperature of the previous timestep). 
o If the temperature is below the networks operating temperature, then no 
thermal energy is available to the district network from the buffer tank in 
the current timestep. 
o If the temperature is above the networks return water temperature , then 
the available energy capacity of the storage tank is calculated with 
equation 30:  
       30) 
storage,max storage, 1( )rem w w w w timestepQ m c m c Temp Temp         
And the available thermal energy to the district from the storage tank, as shown in 
equation 31: 
       31) 
storage, 1 storage,min( )stored w w timestepQ m c Temp Temp         
 
       
The heat that is withdrawn from the heat buffer, during a timestep cannot exceed (equation 
32) the maximum storage capacity at the end of the previous timestep (Qstored,time-1). 
       32) 
Qfromstorage,timestep<= Qstored,timestep-1 
The new heat capacity of the Storage tank at the end of the current timestep is calculated 
with equation 33: 
       33) 
Qstorage,timestep= Qstorage,timestep-1- Qfromstorage,timestep -Qlosses,storage,timestep 
The average temperature of the heat buffer at the end of the current timestep is calculated 
using equation 34 which derives from equation 31:  
       34) 
 storage,timestep storage,timestep 1
storage,timestep storage,timestep 1
Q  Q








   
 
a) If the m-chp units’ thermal output (Qthermal,mCHP,timestep) cannot meet the district’s heat 
demand and if the specific operating scenario allows it (chapter 3.7), then during 
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the timestep examined, the available thermal energy from the heat buffer is checked 
(Qstored). If there is available stored heat capacity, then the required heat is drawn 
from the storage tank. Heat storage losses are also subtracted. The heat drawn from 
the storage during a timestep in this case, is shown on equation 35. 
                     35) 
QfromStorage,timestep= Qdemand,district+Qloss,pipes-Qthermal,mCHP,timestep 
The new heat capacity of the Storage tank at the end of the current timestep is calculated 
with equation 33. The average temperature of the heat buffer at the end of the current 
timestep is calculated using equation 34. 
 
b) If the m-chp units’ thermal output (Qthermal,mCHP,timestep)  is greater than district’s heat 
demand (with the piping losses) during the timestep examined, we have spare 
thermal energy, which is calculated with equation 36 .  
                     36) 
Qexcess= Qthermal,mCHP,timestep - Qloss,pipes - Qdemand,district 
The excess heat from the SOFCs is stored in the heat buffer. Depending on the buffer tanks 
available storage capacity Qrem , a part of the excess heat is stored (equation 37 or 40). 
 If Qexcess>Qrem →  
                     37) 
     QtoStorage,timestep=Qrem  
      And the new heat capacity of the Storage tank at the end of the current timestep   
    calculated (equation 38): 
       38) 
    Qstorage,timestep= Qstorage,timestep-1+ QtoStorage,timestep 
    The dumped energy is calculated with equation 39:  
       39) 
    Qdumped=Qexcess- Qrem 
 
 
 If Qexcess<=Qrem → 
  
       40) 
    QtoStorage,timestep=Qexcess 
    The new heat capacity of the Storage tank at the end of the current timestep is       
    Calculated with equation 42: 
       41) 
    Qstorage,timestep= Qstorage,timestep-1 +QtoStorage,timestep  
 The average temperature of the heat buffer at the end of the current timestep is  
calculated using equation 34  . 
                  The dumped energy is zero in this case (equation 42).  
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       42) 
Qdumped=0 
 
The user can enter either a central cylindrical storage tank or many identical separate 
storage tanks. 
When more than one storage tanks are entered in the simulation, the computational tool 
creates an index with the temperatures and the corresponding storage capacity of each 
tank. This index is put in a temperature descending order in each timestep. If for example 
heat is needed from the buffer tanks, the warmest storage tank is depleted first and if 
more heat is needed, it is requested from the tank with the second highest temperature 
level. Main reason for this is to minimize standby losses from the highest temperature 
tanks. Buffer tanks below the systems return water temperature cannot provide any heat 
to the system. 
During timesteps with overproduction of thermal energy, that surpasses the heat demand 
and the piping heat losses, the excess heat is either stored in the heat buffer tanks, or if 
there is not available storage capacity, it is dumped. The procedure is similar to the 
discharging. In the charging procedure the computational tool charges first the storage 
tank with the highest temperature, then the second highest etc. Main reason for this is to 
have an availability of stored heat, ready to be requested any time. If the colder tanks were 
to be charged first their temperature might not exceed the return water temperature and 
this stored heat would not be usable during the following timesteps. All calculations for 
the storage tanks are performed and their temperature is monitored, even below their 
minimum temperature (negative stored thermal energy), but are coupled in the network 
only, when they are recharged above the networks return water temperature. 
3.5.6.2 Tank Geometry 
The ideal storage tank geometry is a sphere because of its best possible volume to external 
surface ratio. The smaller the external surface of a storage tank, the lower the standby heat 
losses from the tank surface.  For example: 
Volume of sphere:  3
4
3
sphere sphereV r    
External surface of sphere: 
24sphere sphereA r    
Volume of cylinder:  
2
cylinder cylV r h    
External surface of cylinder: 
22 2cylinder cyl cyl cylA r r h         
Volume of cube:  
3
cubeV a  
External surface of cube: 
26cubeA a   
For the same volume:   Vsphere=Vcyl=Vcube =1m2 
Asphere=4.84m2 
Acyl=5.64m2          (for rcyl=rsphere)   
Acube=6m2 
Therefore the same 1m3 of hot water will be cooled down faster in a cubical water 
container, in comparison to a cylindrical and even faster in comparison to a spherical 
container, with the same thermal resistance of the external surface.  
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However, a spherical storage tank is difficult to construct and also does not stand without 
support, making the overall construction demanding and costly. Insulating a spherical 
storage tank is also more perplexing. 
Thus, the most typical buffer tank geometry is the cylindrical storage tank which has also a 
very good volume to external surface ratio but the construction, insulation and transport is 
easier.  
 
In the current approach the storage tank is modeled as cylindrical storage vessels. 
 
 
3.5.6.3 Heat Losses 
The average heat transfer coefficient (U value) of the heat tank is entered by the user. 
A simplified heat losses model is used considering the storage tank as a fully mixed tank , 
with the same boundary conditions at all its’ surfaces. Heat losses are described in 
equation 43. 
       43) 
 
QLosses, storage,timestep=Ustorage×Astorage×(Tempstorage,timestep-1-Tempsurroundings,timestep)   
    
Where: 
QLosses,storage,timestep= Heat losses from Tank at timestep, Wh/h 
Astorage= storage tank external surface, m2 
Tempstorage,timestep-1= Temperature of storage tank at previous timestep *,°C 
Tempsurroundings= Temperature where the storage tank is placed, °C 
Ustorage=total heat transfer coefficient of buffer tank walls (W/m2K) 
 
 
Storage tank(s) are expected to be located in the building’s basement. The temperature of 
the unheated basements is assumed with a simple formula: the mean temperature 
between the buildings internal temperature and the ambient air temperature. This 
simplification is made, as detailed info regarding the basement temperature is not 
available and the increased effort of calculating the temperature more accurate, would not 
substantially alter the heat loss calculations, due to the very high insulation of the tanks. 
The buildings internal temperature in the heating season is set to 20°C and the basement 
temperature is calculated with the simple equation 44: 
       44)        
   amb buildings amb
surroundings




     
    
 
The user enters the Volume of the storage tank, the height and the number of tanks. The 
geometry and the external surface are calculated by the computational tool. Internal 
dimensions are used. 
 
 
*Temperature of storage tank is at the end of the timestep. Surroundings temperature is 
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3.5.7 Cogeneration unit calculations 
 
As many different cogeneration technologies are available in the market and even more 
will be available in the future, it is likely, that more than one systems will be installed in a 
district micro-grid to cover the demand in thermal energy and electricity. Each technology 
has its advantages and disadvantages. Different cogeneration units can have different 
thermal and electrical outputs, but also different power to heat ratio. A technology may 
offer faster response to the load, but very low electric outputs, while another technology 
cannot be switched off often, but has very high electric efficiency and lower emissions.  A 
combination of different unit types can fit the district’s demand profile better. Thus, three 
different unit types can be entered in the programs user interface and can be simulated by 
the computational tool.  
If there is no need for simulation of more than one unit types, the cogeneration units of 
one type can be divided in 3 different groups, with the same efficiency, thermal and 
electrical output, but a different turndown ratio. The computational tool will treat the 
units as different types and dispatch them individual. This increases computational time 
but may provide a better heat demand coverage because the units can follow the demand 
better, as they modulate as three individual groups.  
3.5.8 CHP start-up and shut down procedure 
Warm-up period is according to ANNEX 42 (IEA-ECBCS 2008), the time delay between 
activation of the unit and the electrical power generation. M-CHP units are controlled by 
the DEPOSIT computational tool to produce heat and electricity according to the district’s 
needs, the electricity price and the PEF. They are started, modulated and shut down often 
through the simulation time and according to user and technical restrictions of the units. 
This startup period and the corresponding electricity and the fuel consumed, as well as 
differences in terms of efficiency, have to be taken into account with adequate detail, in the 
simulation. DEPOSIT is a district cogeneration dispatch and savings (PEC,cost) assessment 
tool , which dispatches units according to their constrains and characteristics. Great effort 
has been given to assess the m-CHPs’ performance as good as possible. However, a 
detailed simulation of each units operation, especially with the number of units operated, 
was not the scope of this software. Thus, some simplifications have been done and time-
averaged values have been used, and since the simulations take place at an hourly 
timestep, one can assume that the requested output, which is the fuel consumption, the 
thermal output and the electrical production has adequate accuracy. 
SOFC:  
When starting a fuel cell, heat and electricity aren't produced spontaneous but a 
preheating phase is required. During this phase energy is consumed but no usable output 
is produced. Electricity is needed by the electronic systems that control the startup and 
shutdown operation and preheating. Fuel is consumed by the unit to preheat the fuel 
processor to very high temperatures (SOFC’s: 800-1000 degrees Celcius ) till hydrogen can 
be produced.  (Staffell 2009) 
 
Stirling: 
Stirling engines also consume heat and electricity for the startup procedure, and according 
to the Carbon trust (Guy & Sykes 2011)  Stirling engines need to operate an amount of 
time (more than 1 hour continuously), in order to be more carbon efficient than a 
condensing boiler. During a cold start, the Stirling engine first consumes electricity to start 
the engine with the alternator, then starts to produce heat and electricity at lower levels, 
till the unit is warmed up and reaches nominal capacities. (G. Conroy et al. 2013)  
 
Internal Combustion Engine:  
The ICE engine AISIN SEIKI generates no heat during startup, but some electricity is spent. 
62seconds are needed to reach normal operation in the warm startup (4h after shut 
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down) and 91sec in the cold start case. After the normal operation is reached, heat 
recovery is not initiated immediately: 95-165sec are needed before the thermal output 
begins, depending on the target operating level. The thermal output reaches steady state 
levels after a significant time, because the unit control limits heat recovery till the water-
glycol mixture reaches operating temperature.  So the thermal efficiency of the unit during 
the first operating hour is lower than the steady state efficiency at the same operating 
level. (Rosato & Sibilio 2013) 
 
Shut down procedure is initiated when the control gives the shutdown command to the 
unit’s and the units processor limits and then cuts off the fuel. During this time some 
electrical energy is consumed by auxiliary systems to finish the shutdown operation. No 
electricity output is present.  The thermal output is not insignificant. 
 
In order to model warm up and cool down periods in the DEPOSIT software, following 3 
techniques are used:  
 Startup parameters: startup fuel and electricity consumption for each operating 
level. 
The fuel consumed in the warm up period is added to the fuel consumption of the 
examined timestep. The electrical consumption of the warm up procedure is 
deducted from the electrical output of the cogeneration unit during this period. 
The startup time is used to calculate the time till the minimum stable operating 
level is reached. These parameters can also be used differently; the Whispergen 
unit for example, during the cold start procedure (which last about 60 minutes), 
starts producing electricity before it reaches the minimum operating level. The 
electricity consumed is lower than the electricity produced. Therefore a negative 
startup electrical consumption value can be entered, which is considered as 
produced electricity. 
 
 Lower thermal efficiency factor: The AISIN SEIKI internal combustion as 
mentioned above, operates after startup at a lower thermal efficiency level due to 
the cold water-glycol mixture and the control limiting the heat recovery, till 
operating temperature is achieved. In the DEPOSIT after a cold start, the 
computational tool multiplies the hourly thermal efficiency with an averaged 
factor (nreduction,cold-engine), that limits the thermal output of the whole hour 
(According to user definition of cold start).  
 Shutdown fuel, heat and electricity: After the shutdown command is given to a 
cogeneration unit , the fuel flow and the electrical consumption till the complete 
shutdown, as well as the heat output that is made available to the network through 
the cool down procedure, is added to the hourly balance (heat, consumption and 
electricity respectively ) according to experimental data for the specific unit type 
and according to the previous operating state. 
3.5.9 Unit modulation and efficiency at various output levels 
Modern micro cogeneration devices feature power modulation, to be able to adapt to the 
building’s thermal and electrical demand and operate as many hours as possible. Due to 
the high capital costs of m-CHP’s, many operating hours per year are needed, in order for 
the investment payback period to be short. Frequent unit startups and long inactive 
periods, diminish the economic benefits from selling produced electricity. The thermal and 
electrical efficiencies during a cold start are low and there are also timeframes during the 
startup procedure with no electricity production.  Moreover, the lack of modulation 
requires increased thermal (and in some cases) electrical storage capacities, which are not 
in favor of the economic feasibility of the project. Thus, unit modulation is very important, 
so that the m-CHPs can operate at low levels during off-peak hours and at high output 
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levels during peak hours. Thermal storage can be reduced and a stable operation can be 
achieved, which favors thermal and electrical efficiencies.  (3.5.8 & 4.3). 
Each unit type can operate between a range, according to the manufacturer settings.  Some 
units can modulate freely between the minimum and the maximum output, while other 
can only operate at 100% level, or at specific steps between the minimum and the 
maximum output. 
The user of the DEPOSIT software can either preset the operating levels, or pick a 
modulation resolution of up to 5% of their maximum output and the software divides the 
operating interval into steps (operating levels). 
During transition from one operating level to another, the electrical and thermal output do 
not change simultaneously and efficiencies of transient operation differ from efficiencies 
at stable operation. However, the simulations performed with DEPOSIT, have a simulation 
step of an hour. During this hour the units examined have reached a stable operation at 
the new level. The transition period based on the unit’s ramp rate, is very small compared 
to the 60 minutes of the timestep. Thus, the detailed proceedings taking place in each 
cogeneration device did not be modeled. The unit transitions from one output to the other, 
according to the ramp rate, and from one thermal and electrical efficiency pair to the new 
thermal and electrical efficiency pair. For the transition time an average thermal (and 
similar an average electrical) efficiency is determined based on an integration between the 
initial and the final efficiency and the time axis.  
Depending on the modulation ramp rate of each unit, and the thermal/electrical efficiency 
at each operating point, the time to reach the next state is calculated and then a new 
average efficiency for this transitory period is estimated, by integrating the thermal 
efficiency curve over the thermal output difference (Figure 12). This is the thermal 
efficiency for as long as the modulation takes. But since calculation is done on hourly 
timesteps, the overall thermal efficiency for this timestep is calculated with equation 45: 
 
       45)
th,unit modulation,unit th,unit,transition modulation,unit th,unit,new_operating_level=time × +(1-time )×    
 
Where η= the thermal efficiency of a unit group [-] 
timemodulation= the time according to the ramp rate of the unit to reach the new operating 
level [h] 
 
The ηth,unit,new_operating_level in the example of Figure 12 is the efficiency at operating level 
P2=60% (of the maximum heat output) and the ηth,unit,transition is the thermal efficiency 
calculated (through integration) on the thermal efficiency curve for the transition from 
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Figure 12: example of thermal efficiency calculation for transition  
 
3.6 Control schemes of m-CHP units in DEPOSIT 
There exist many different control schemes for cogeneration operation. The most common 
denominator is the heating and/or electrical cost minimization. This is usually done by 
achieving many cogeneration hours, with the help of storage tanks and correct m-CHP 
sizing, or with help of various algorithms and software. More info can be found on sections 
2.3&2.4. 
In the deposit software three general operating modes are investigated. 
1. Full power dispatch with summer breaks 
2. Cogeneration modulating output dispatch for primary energy minimization  
3. Cogeneration modulating output dispatch for cost minimization/income 
maximization 
 
In strategies 2 and 3 the computational tool modulates the heat and electrical output of 
the 3 unit groups during each timestep. Each unit type can modulate between an 
amplitude of values, according to its constrains. The choice of the operating level of all 
units is done in order to minimize the cost of the district heating and electricity or to 
minimize primary energy consumption depending on the case target.  
 
An array is created with the various possible-output levels of cogeneration units, the 
corresponding backup systems’ contribution and depending on the case: 
a) the primary energy consumption (Cases 2 and 2F) based on efficiencies at 
each operating level and fuel and electricity primary energy factors 
b) the cost of all combinations , based on efficiencies at each operating level 
and fuel and electricity prices and feed in tariffs.  
 
Depending on the specific case strategy which will be explained in the following chapter a 
combination is chosen. Either the one with the lowest primary energy consumption to 
cover all the heat demand, or the one with the minimum cost to cover both electrical and 
heat requirement or the combination that serves the strategy of the forecasting cases 2F 
and 3F .It is not necessary that the cogeneration units cover the demand. If the operation 
of units at a high level is not profitable from the examined point of view (cost or PEC), and 
it is more efficient to cover a part of the demand with the backup natural gas boiler, this 
operation will be chosen instead. 
An overview of all operating strategies simulated in the DEPOSIT software can be found on 
Table 3.  
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Table 3: Operating schemes overview 































and next day 
electricity 
market prices 
Chapter (3.6.2) (3.6.3) (3.6.4) (3.6.5) (3.6.6) 
 
3.6.1 Sequential shutdown of unit group 3 
 
An individual control of all individual units in the district cannot be applied easily, 
requires very high computing power and is not of interest for the current thesis, since the 
performance gain would be not significant, as the units can already modulate their power 
output. The overview would be lost, if each unit would be controlled independently 
amongst its operating intervals. Thus, a more simple system is applied. In the DEPOSIT 
software, there are three main unit groups modelled. Each unit group has each own 
technical characteristics, constrains, outputs, power to heat ratio and different number of 
units. 
The computational tool can control all the unit types 1,2 and 3 as three groups. Each group 
is given a different command, for example to modulate its output during the current hour, 
from 40% of its capacity, to 100% output.  
 
Some cogeneration units can only operate at an on-off sequence and not at intermediate 
outputs. One example is the EHE Whispergen Stirling unit (4.3.2), which is presented in 
the current thesis. In the case of a very high thermal output of a unit group, the on-off 
operation cannot yield virtuous results, because the units can only be used on periods 
with very high thermal demand, which occurs only very few hours per year.  
In order to better utilize units, which operate “on-off”, the computational tool in Cases 2F 
and 3F can individually control the third unit group. The computational tool can shut 
down some of the units 3 to adapt to the demand as close as possible. The possible 
percentage of the total number of units 3 operating are depicted in table:  
 
Table 4: Operating number of units of type 3, when individual on-off is enabled 
(rounded to nearest integer) 
100% 90 % 80 % 70 % 60% 50% 40% 30% 20% 10% 




During each timestep the computational tool examines the possible modulating level for 
the unit types 1 and 2 and also all the possible operating number of m-chp devices of type 
3. All combinations of unit 1 and 2 operating levels and of number of units 3 operating, are 
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compared to achieve the lowest possible primary energy consumption in Case 2F for and 




3.6.2 Case1- Full thermal output with summer shutdown  
Case1 is a typical cogeneration operation scheme, were m-chp units are operated at 
constant full output through the heating season and are switched off during the summer 
season. The units operate at their maximum output achieving high efficiencies through 
stable operation. Large buffer tanks are needed to shift overproduction to times with 
higher demand. In such cases units have to be undersized so that dumped heat is avoided 




Figure 13: Case1 dispatch example and storage utilization 
All district micro CHP units of each of  the number of types simulated are operated at their 
maximum capacity ,regardless if there is a demand for heating in the district or not.  If 
there is no demand, the heat produced by the  cogeneration units (minus the piping 
losses) is stored in the buffer tank, if the buffer tank temperature is below supply 
temperature or till the buffer tanks reach supply temperature and are considered fully 
recharged. (Figure 13) 
If the heat production from the units exceeds the storage capabilities of the buffer tank, 
extra heat is rejected. If the district demand (including pipe losses) is lower than the 
combined thermal output of the cogeneration units then the demand is fully covered and 
the overproduction is stored again to the heat buffer (if possible). 
If the district heat demand at a timestep is greater than the combined thermal output of 
the cogeneration units then, the demand is partially covered by the units and the rest of 
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the energy is withdrawn from the heat storage tank(s). If there is no heat stored in the 
buffer tank or if it is not sufficient, the rest is covered by central auxiliary gas boilers. 
3.6.3 Case2 Heat demand following operation with primary energy 
minimization target 
The second operation mode is a heat following strategy that utilizes all heat generation 
appliances (backup boilers and m-CHP groups) in the least primary energy consuming 
way. 
In this scenario more cogeneration units can be used since they can be ramped down or 
shut down if demand is too low. Units can be divided into 3 main groups, based on 
different specifications and characteristics. Each unit type can be ramped, or switched on 
and off simultaneously, with no option of individual control per single unit.  
The strategy in this scenario can be described as heat and primary energy following. The 
district cogeneration, backup and storage units must cover the heat demand. Goal is to 
cover the demand in the most efficient way in terms of primary energy consumption. 
The three cogeneration unit groups can operate at different loads according to their 
specifications, limitations and previous outputs.  There can be many combinations of unit 
and backup boiler outputs which can cover the demand. At each combination of  units in 
different statuses (starting, shutting down , modulating, operating stable) the efficiencies 
are determined, the electric output and the thermal output is calculated and the primary 
energy consumption is calculated according to the primary energy factor for electricity 
and fuel ( at this timestep or yearly average ). The computational tool decides how it is 
more environmentally profitable to operate the units; if it would rather shut some of them 
off or ramp some unit groups down and use buffer energy or backup boilers. It must be 
noted that, if the primary energy factors are constant, the computational tool will usually 
chose as its first priority,  the cogeneration units , due to the high primary energy factor 
(usually PEF=2.5 see chapter 4.1) of produced electricity.  The computational tool 
determines how many units shall operate at this timestep to avoid overproduction of heat. 
If demand is very high, all units will operate. The remaining uncovered demand (if any) is 
covered first by the buffer tank and then by the backup boilers.  
 
Each unit type can modulate between an amplitude of values, according to their 
constrains.  
At every output level of the units, the thermal and electrical efficiencies differ, as well as 
the power to heat ratio. The user specifies the modulation interval of each unit type or the 
possible operating levels. An array with the different thermal/electrical output levels, and 
their corresponding efficiencies is created. All combinations of the three unit types are 
simulated at every timestep. This forms a finite of modulation steps:  
number of combinations=possible modulation steps of units 1 × possible modulation steps 
of units 2 × possible modulation steps of units 3 
 
At each combination of output levels of the cogeneration systems, the primary energy 
consumption of the units is calculated. Primary energy of the electricity produced by the 
stack is subtracted from the fuel primary energy.   
 First the thermal output of this combination of m-CHP outputs is checked, if it can cover 
the heat demand of the district (including piping losses). If not, the heat buffer is checked 
and used and then auxiliary boilers cover the rest-demand. The primary energy 
consumption for the natural-gas/oil consumed by the auxiliary boiler(s) is added to the 
total primary energy consumption of this current output level of the m-CHP’s.  
The combinations which do not overproduce heat are kept.  
 
An array is created with the various output levels of cogeneration units, and the 
corresponding backup systems’ contribution. The combination with the lowest primary 
energy consumption is chosen.  
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All combinations are calculated for two reasons:  
a. The stack of the fuel cell units degrade and the electrical efficiency 
deteriorates. On the other hand thermal efficiency rises, as more fuel is not 
utilized in the stack. So the operation of the units at a predefined pattern 
will/may not provide the optimal solution after some years of operation. 
b. Primary energy is calculated according to the fuel used. Regarding 
electricity, primary energy factors are average values usually for a country, 
based on the electricity mix (systems and natural resources used for 
electricity production) (see 4.1.2). However, not all systems operate at the 
same level during the year and now with renewable energy playing a more 
important role in the public electricity production, the natural resources 
consumption does not remain constant through the year. The energy mix 
changes from time to time and even during an hour. Thus, the 
computational tool is able to accept a variable primary energy factor for 
electricity which can vary from time to time. A predefined operation 
pattern could not take such effects into consideration. All combinations 
have to be checked. The same applies to Cases 3 & 3F , with the varying 
energy prices. 
 
3.6.4 Case 2F Heat demand following operation with primary energy 
minimization for multiple timesteps with help of demand forecasting 
 
The main disadvantage of Case 2 and all similar ‘static’ scenarios is that they operate 
according to the data of the present timestep and choose the optimum operation in order 
to minimize a cost or a primary energy function. However, if a period of time is seen 
globally, the operations performed may not be ideal. For example, during high PEF for 
electricity the computational tool produces exactly the demand with the lowest primary 
energy consumption. During the next timestep, the demand is very high and the 
cogeneration units, aren’t capable of meeting the thermal needs of the district. The backup 
boiler needs to step in. If however during the previous timestep, heat would have been 
overproduced, it would be now available in the buffer tanks and could provide the extra 
heat.  
For this reason, in Case 2F, forecasting is used. Heat demand for the following 33 
timesteps is foreseen. As it is mentioned in 4.2.3, the System Marginal Price is cleared 
every day at 12.00 for the next day. It is handed within the next couple of hours to the 
market participants. So at 14.00 the price of the following 33 hours (from 15.00 to 00.00 of 
the next day) and the contribution of each power plant according to the Day Ahead 
Programming is known. So the primary energy factor for electricity can be calculated for 
the 33 timesteps ahead (refer to chapter 4.1.2). (if the primary energy factor is taken as a 
yearly constant , this step is neglected).  
  
During the first hours, the operation of Case2F is the same as Case2. 
After some hours when the computational tool has enough historical data to train the 
neural network, the heat demand of the next 33 hours is estimated. Afterwards Case2F 
uses a decision routine according to these nearly future values, which is depicted in Figure 
14.The idea of this decision routine, is to cover the demand of the district, for a 33hour 
span , with the minimum possible primary energy consumption. So if the heat available in 
the buffer, in addition to the minimum* heat that would be produced by the cogeneration 
units during these timesteps, is enough for the present demand and of the next 33 hours, 
the units operate according to the Case 2, described above. If the demand is predicted to 
be higher than the minimum outputs and the available heat buffer, then the primary 
energy factor evolution of electricity is checked. If the PEF decreases, then it is 
environmentally more profitable to have now an overproduction of electricity (which 
Chapter 3: Simulation tool: DEPOSIT 
DEVELOPMENT OF A BUILDING AND DISTRICT SIMULATION TOOL, WITH DECENTRALIZED HEAT AND POWER 
PRODUCTION AND THERMAL ENERGY STORAGE            79 
leads to an overproduction of heat), than in the near future with a low electricity primary 
energy factor. Thus, the units operate at a capacity to charge the storage as much as 
possible and efficient (Figure 14) during the current timestep. On the other hand if 
primary energy factor (PEF) of electricity will rise , it is preferable to operate at the 
current timestep according to the current decision as described in Case2 and in the future, 
another decision will be taken then. Moreover, as seen in Figure 14, the computational tool 
examines, if even for constant PEF values, it is worth to over-produce at the current hour, 




 80  Emmanouil Malliotakis - June 2016 
 
Figure 14: Decision code, Case 2F
Chapter 3: Simulation tool: DEPOSIT 
DEVELOPMENT OF A BUILDING AND DISTRICT SIMULATION TOOL, WITH DECENTRALIZED HEAT AND POWER 
PRODUCTION AND THERMAL ENERGY STORAGE            81 
 
 
Case 2F compared to Case2 has another difference, that depending on user control, 
storage contribution is supplied to the net before or after the m-chp units thermal output.   
The computational tool gives the user the opportunity to choose whether a) the stored 
heat in the buffer tanks is removed before the m-chp contribution from the demand or b) 
to use the heat buffer to cover the rest of the demand after the chp contribution is 
removed. This can be useful in cases with very high primary energy factors for electricity, 
which would help the system benefit from even greater savings compared to the reference 
case. In such case, it would therefore be useful, if units would operate as high as possible 
and produce all the thermal energy required for this or the following timesteps, without 
utilizing the stored heat, (which can be used in the future timesteps). Thereby the 
electrical production is also maximized and so are the primary energy savings. 
 
3.6.5 Case 3 Heat demand following strategy with electricity demand 
coverage and cost minimization target for one timestep 
The target of Case 3 is to minimize the cost to meet the heating and electricity demand of 
the district, or (in a rare case of very high electricity revenue price) to maximize the 
income.  
In order for clients, ESCos and private investors to finance a decentralized semi-
autonomous district concept, the main requirements are sufficient cost savings and a short 
amortization rate of the initial investment. In order to achieve that, a case is simulated by 
the computational tool which has only cost minimization as a target. Coverage of heat 
request, is a secondary target and is performed either by the cogeneration units, or by the 
backup boilers, depending on the total cost. Regarding electricity demand of the district, it 
is either produced by the m-CHP units or imported by the net, depending on the electricity 
market price and the electricity purchase price.  Overproduction is also not prohibited and 
under circumstances of high electricity selling prices, can be tolerated. 
The operation of Case 3 is similar to Case 2.  
First the storage tank(s) are checked and their contribution is removed from the total 
demand. All cogeneration units can operate at specific intervals. At each interval the fuel 
cost of the unit operation is calculated. All combinations of m-chp outputs and backup 
boiler outputs, with a thermal output larger or equal than the thermal demand, are 
acceptable.  The electricity produced by the m-chp units, is either sold to the grid, or 
supplied to the district buildings depending on the electricity buy and sell prices according 
to Figure 15.  The System Marginal Price (4.2.3.1 )is used as an electricity selling price. If 
electricity is exported to the public net at the System Marginal Price (SMP), this amount is 
subtracted from the total price at this operating level combination. 
As it is already mentioned, the target of Case 3 is to minimize the cost to cover the heating 
and electricity demand of the district. This is done by finding during each timestep (=1h) 
the combination of m-CHP and backup boiler outputs that minimizes the cost function 
(equation 47). The cost involves the fuel cost of all units of each cogeneration type, the 
backup fuel cost, the extra fuel consumed during the startup of the cogeneration units and 
the electricity cost (equation 46). The electricity cost involves the price paid to the power 
company for the imported electricity, that isn’t produced by the m-CHP units and is 
intended for meeting both the district’s electricity demand, but also for the operation of 
the pumps of the network pipelines. Finally the financial revenue for the produced 
electricity that is exported at the SMP is subtracted from the electrical cost. 
 
       46) 
electr,imp electr,exp electr,pumpost - Cost + CostelectrCost C     
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The combination with the lowest cost is chosen, regardless of the cogeneration units’ 




Figure 15: Electricity coverage decision flowchart   
 
3.6.6 Case 3F Heat demand following strategy with electricity demand 
coverage and cost minimization target for more timesteps with 
forecasting 
As it has been explained in Case 3, a step by step cost minimization of the district is 
performed, by examining all the possibilities of covering the electrical and heat demand 
with or without the cogeneration units. However, a step by step optimization may be 
optimal for the specific hour, but not optimal if a larger time-frame is examined. A higher 
operation of the cogeneration units at a timestep, would be most probably disqualified in 
Case 3, because it costs more than an operation-combination that exactly covers the 
demand. However, during a next time step, with a very high demand, which is beyond the 
peak capacity of the cogeneration units, the overproduction of the previous timestep 
would be convenient, because it would help avoid backup boiler operation. This 
phenomenon becomes more obvious, when the variable electricity prices come into 
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consideration. Then, an overproduction of heat and electricity during an hour with high 
SMP (Psell,grid), may lead to high cost reduction during following hours with low SMPs. 
For the reason above, the Case3F has been developed. The computational tool decides 
whether and how to operate the cogeneration units, based on the electricity market price 
of the present and following hours and the forecasted electrical and heat request of the 
district for each of the future hours. A possible future operations plan is designed. Based 
on this operation plan, it is checked if it would be more cost efficient to increase the 
thermal output of the cogeneration units now, and exceeding the thermal demand, selling 
the increased electrical energy to the grid and store the excess heat so that, the 
cogeneration will be limited in the future hours, when the circumstances are not so good.  
The function of this case is the following:  After some hours when the computational tool 
has enough historical data to train the neural network, the heat demand and the electrical 
demand of the next 33 hours is estimated. Afterwards Case3F uses a decision routine 
according to these nearly future values, which is depicted in Figure 16 . The decision 
routine, chooses which part of the demand of the next hours should be covered now, 
depending on the most possible future operation of the cogeneration units. The electricity 
selling price evolution is checked via the SMP for the next hours; the cost of the thermal 
kWh is compared for all units between the present and the future timesteps; the extra cost 
for producing the forecasted electrical demand of each future hour is considered and the 
possible future operation level of the cogeneration units during these timesteps is 
calculated. According to this future operation the m-chp units and the forecasted heat 
demand, the heat is determined, that has to be covered during the current hour (if 
possible), because it is more economical to produce it now, for two reasons: either, due to 
the price evolution of the future timesteps, or very high heat demands are approaching 
and the capacity of the cogeneration units won’t be sufficient during the next hours. 
Then the computational tool examines all combinations of m-chp operation to cover the 
extended heat demand of the current and the future timesteps (as described above).  For 
the extra heat needed for future use, the backup boilers aren’t used. Only the cogeneration 
units are allowed to overproduce, since the cost per kWhthermal of the backup remains 
constant and backup boilers are always assumed to be able to meet the peak thermal 
needs of the district. From all the combinations that can cover the present and the part of 
the future demand decided before, the best value combination is chosen and operated.  
The future demand decided by the decision routine cannot always be produced by the 
cogeneration units due to: 
a. Storage tank limitations: All the storage tanks in the district have reached their 
maximum temperature and cannot store any more thermal energy. An 
overproduction of heat, above this threshold would be dumped and is not allowed. 
It is only allowed in the rare case of very high SMP values (or high feed in tariffs) 
which make the cost function negative, because the electricity selling profit 
surpasses the fuel cost. In that case maximum operation is pursued, and dumped 
heat is acceptable.  
b. Peak power limitations: If the SMP of the next hours will remain low for a larger 
period, the heat amount that should be produced on previous timesteps with 
higher SMPs, may be very high; higher than the maximum thermal output of all 
cogeneration units. And because the backup boiler’s operating cost is not affected 
by the SMP price, there is no point in using the backup boilers to produce a part of 
this demand. 
Thus, the heat that would be ideally produced now for the future may not be met. 
In that case, the following problem can emerge, which is depicted with an example:  
The heat output of the cogeneration units was not enough and only 25% of the future, 
now-required thermal need, is covered during the present hour. On the next first few 
timesteps, the district initially uses all the heat buffer (which is only 25% of the required 
capacity of the 34h time period), that was however intended to last for all the hours with 
unprofitable SMP. So because all the buffer is used during the first uneconomical hours, 
the control shut the cogeneration units down and all the demand was covered by the 
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“free” buffer tank. Subsequent, in the hours to follow, not only there is no heat buffer 
available, but the units are also shut down and need to startup and work inefficiently for 
the first hour. This minimizes the possible savings by the proactive operation of the units 
and of the Case 3F. To overcome this complication, after each timestep, following is stored: 
a. Percentage of total heat buffer stored for the future timesteps that is intended 
for each one of them,  
b. Ratio of the total actually stored heat, to the total heat that was prescribed by 
the forecasting decision computational tool to be over-produced in the current 
timestep.  
With help of these two, a storage utilization factor is calculated, which allows only a 
specific amount of storage to be used during each timestep, so that an early storage 
depletion, does not lead to a unit switch off and the corresponding efficiency and financial 
cost of starting them up again (more info , chapter: 3.7.5).  
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Figure 16: Case 3F flowchart; estimation of overproduction of heat for future timesteps 
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3.6.6.1 Proactive unit start-up 
Initial simulations during the development of DEPOSIT showed that some units, with low 
start-up efficiencies such as the Stirling unit, which has low thermal and electrical output 
during its first operation after a cold start, were not chosen by the computational tool to 
start when only one timestep was examined. Reason for this was the higher efficiency of 
the auxiliary gas heaters during the examined hour. However, the computational tool 
neglected that if it started the units at this timestep, the operation of the m-CHP unit for 
the next 2 or 3 or more timesteps would be more efficient, than the backup. Therefore the 
heat demand forecast of Case3F has been used. The m-CHP types are sorted in operating 
cost ascending order (for all operating levels), including electricity revenue at SMP. Then 
the thermal output of each unit type is compared to the forecasted heat request of the 
district for the next timestep, and if it is lower, the heat request is lowered by this amount 
and the same procedure is performed for the next cheapest unit and the rest-heat demand. 
This method is iterated for two future timesteps and if a unit type is found to worth to 
operate at both future timesteps, then the decision is taken, that it should force-start on 
the next timestep, regardless of the start-up efficiency conditions. This is named proactive 
unit start-up and is used in both Cases 3 and 3F. 
 
 
3.7 Heat storage strategies 
3.7.1 Case 1 – storage strategy 
The heat storage strategy of Case1 is apparent. Cogeneration units operate at maximum 
capacity and when there is a surplus of thermal production, this charges the heat buffer 
(till maximum temperature is exceeded). When thermal demand is higher than the 
thermal output of the m-CHP units, available heat is drawn from the heat buffers. 
Cogeneration units are always operating in the heating season, so the heat storage is 
checked after the units’ contribution. 
 
 
3.7.2 Case 2– storage strategy 
In Case 2, the thermal energy of the storage tanks, which can contribute to the thermal 
demand of the district is used to cover heat demand only if the cogeneration output is not 
sufficient. However, during cases where the primary energy consumption of the units is 
negative (if PEF for electricity would be very high during a timestep), the computational 
tool may choose to operate the units at high operating levels and cover the demand 
despite the storage availability.  
 
3.7.3 Case 2F– storage strategy  
In Case 2F , the software gives the engineer (user) the following two options: Either draw 
energy from buffer tanks first and then cover the residual demand with the micro-
cogeneration units in the most primary energy efficient way or cover as much as possible 
with the cogeneration units , the rest with the storage tank and what remains with the 
backup boiler. The second option gives more operating hours to the cogeneration units, 
because in the first option, for the lower residual demands the backup boiler is preferred 
than the cogeneration units, which have also startup penalties (in the form of startup 
electricity consumption, startup fuel consumption and lower efficiencies.) 
Chapter 3: Simulation tool: DEPOSIT 
DEVELOPMENT OF A BUILDING AND DISTRICT SIMULATION TOOL, WITH DECENTRALIZED HEAT AND POWER 
PRODUCTION AND THERMAL ENERGY STORAGE            87 
3.7.4 Case 3– storage strategy 
In Case 3 the thermal energy of the storage tanks, which can contribute to the thermal 
demand of the district is removed from the storage at each timestep and then the residual 
heat request is covered by the cogeneration units and the backup boiler. Depending on the 
selling and buying cost of the electrical energy unit the computational tool chooses the 
combination which minimizes heat and electrical cost or maximizes earnings , which may 
even mean to operate at maximum operating levels (because of very high market price for 
electricity) with full storage tanks and discard heat. 
3.7.5 Case 3F– storage strategy 
In the cost minimization simulation (Cases 3 and 3F), the computational tool can both 
handle heat and electrical demand of the district. Depending on the electricity buying price 
and the electricity selling price evolution, together with the forecasted electrical and heat 
requirements of the district, the computational tool has to decide how to operate the units 
at the current timestep proactive.  
The decision may be taken for example, to produce all the future demand now, due to the 
very low future electricity selling price and very low electrical demand. However, some 
limitations do not enable that:  
- The maximum combined heat output of the units is not adequate to cover all the 
future heat demand that needs to be offset and stored                          
- There is not enough storage capacity available to store this heat amount 
Therefore a fraction can only be produced and stored. There are many choices in how to 
utilize this heat buffer in the future.  
- The buffer can be discharged during the next timestep (or timesteps) first, without 
taking electricity buy and sell prices into account, before the cogeneration units 
can cover any demand. This is the worst choice since the storage may be consumed 
before the timesteps it was actually produced for; Cogeneration will be avoided 
but not when it was planned, to have maximum benefit, but earlier. This solution 
however utilizes storage directly and minimizes thermal losses from the storage 
vessels. 
- Another option would be to first dispatch cogeneration units to produce the heat 
and electrical demand of the timestep and if any residual heat demand remains, 
instead of being produced by the backup boilers, it is covered if possible by the 
heat storage. This solution utilizes cogeneration units better, as frequent shut 
down’s and start ups are avoided, and also is more efficient than the first solution, 
because only backup system operation is avoided and not cogeneration. Heat 
transmission losses from storage vessels are increased compared to the first 
option. 
- The chosen option in the Case 3F is a predefinition of the allowed storage 
withdrawal amounts for every timestep. During the Case 3F decision algorithm, 
the software examines the future timesteps (for which the export price for 
electricity is known and heat and electrical demand has been predicted). 
Depending on costs per thermal and electrical energy unit, on the evolution of the 
prices and the available storage capacities and available energy, the most possible 
operation of the m-chp units, under these circumstances is defined. According to 
this operation and the already available storage, an amount of thermal energy to 
be produced now for each future timestep, is determined. This heat, if generated 
now, will help avoid uneconomical future operation.  
However, as mentioned above, not all the requested thermal energy can be 
produced during the current timestep. Thus, a fraction of this energy is actually 
stored. However, to determine during which of the future timesteps, should this 
stored energy be used (because it is not enough to cover all future storage 
requests), and also in order to regulate how much of this buffer should be used 
during each timestep, the following procedure is followed.  
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A matrix is formed with the future timesteps, their electricity market price and the 
heat amount that would ideally be covered now. The matrix is sorted with the 
electricity market prices in an ascending order and the available buffer (which is 
what could be produced), is assigned first to the future timestep with the lowest 
electricity market price(without exceeding the predefined pregeneration demand 
of that timestep), then the residual buffer is assigned to the second lowest market 
price etc , till the storage is depleted. So, each future timestep gets an assigned heat 
buffer energy amount, which it can use. This way, the valuable heat buffer is used 
in the most economical situation for the cogeneration swarm and cost savings are 
maximized. By implementing this option, the system is not allowed to withdraw 
more energy from the buffer tanks than the predefined amount. 
In an ideal situation, where cogeneration capacities were very large and heat 
buffer was also adequate, every future timestep would get as much storage 
assigned, as it needs, according to the Case 3F decision algorithm and the storage 
discharge restriction would not apply. 
The storage use option described here and used in the Case 3F, features the 
highest heat buffer losses, since the storage tanks are kept full for a longer period. 
 
3.8 Forecasting 
Most energy systems operate to follow a heat or an electrical demand. The efficiency of a 
system can be optimized by specifying which system will operate and for how long during 
a time interval, according to some inputs. However, the length of this time interval affects 
the solution and how optimal it is. The optimal solution for an hour, may appear not so 
ideal if more hours are concerned. The bigger picture gives always the better results. 
However, in real applications the bigger picture cannot be seen, because the future (heat, 
electrical demand) is unknown. However, since there are weather forecasts available, the 
heat demand can be calculated with building simulation tools. But a building’s thermal 
request is not only affected by the weather, but also by the user behavior. The heating 
habits, the temperature feeling of each occupant, the activity he has in his home, the 
electrical appliances he uses, affect the thermal request of his building and the request of 
electricity. If the heating and electrical demand were to be simulated, complex simulation 
models would be needed, with detailed data collection regarding user profiles and 
occupancy patterns. This is a very demanding task even for a few buildings. A simulation 
of a district with hundreds of buildings would be cost and time consuming.  
Moreover, a data collection of real data, would mean that the buildings are already present 
(a scenario which would disqualify new district projects). 
When the combined heat or electrical demand of many buildings is considered, the effect 
of a single building is marginal, compared to the districts behavior. And in the proposed 
interconnected micro-grid, the district heat and electricity demand is encountered as a 
whole by the cogeneration systems.  Thus, energy forecasting models can be used which 
use previous values of the demand of the whole district and other input parameters and 
forecast the heat and electrical request of the district as a whole.   
Energy load forecasting is performed usually with Artificial Neural Networks (ANN).  
(Zhang et al. 1998; Lee et al. 1992; Pai & Hong 2005; Ling et al. 2003)  
Time series models such as ARMA (autoregressive moving average) and ARIMA 
(autoregressive integrated moving average) models have been examined extensively with 
relation to energy load forecasting. They provide better results when data points feature 
characteristic temporal ordering.  In heat load forecasting especially the current demand 
relates to previous timesteps.   
(Darbellay & Slama 2000; Taylor & McSharry 2007; Huang & Shih 2003; Pappas et al. 
2008) 
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3.8.1 Heat load forecasting 
According to the Day Ahead Scheduling (4.2.3), each day, the price per MWh for electricity 
sold to the grid for every hour of the next day is defined and announced. All offers for the 
following day are given till 12.00 pm and the System Marginal Price, as well as the 
contribution to the power generation mix of the various power plants at this price is 
announced within the next couple of hours. This makes total 34hours with a known SMP 
and a primary energy factor that can be calculated, by knowing the power plants involved 
in the power generation. Thus, the heat and electricity load forecasting is set to produce 
predictions for the future 33h , so that both the load and the price or PEF is available for 
the decisions tools.   
Artificial neural networks are able to model complex data relationships, by using previous 
data to train a model. ANNs are used widely for many problems, such as load forecasting, 
with very good outcomes. (Georges A. Darbellay, 2000), (H.s. Hippert, 2001)(Sforna & 
Proverbio 1995), (Srinivasan et al. 1994). 
 
Matlab neural network toolbox is used for the forecasting, with parameters such as 
historical data (previous values), weather forecast data etc.  Linear ARX models are 
accurate for heating and cooling forecasting, but NARX models with weather and time 
inputs produce even better results. (Powell et al. 2014) . 
A NARX (Nonlinear AutoRegressive network with eXogenous inputs) is a recurrent 
dynamic network, with feedback connections enclosing several layers of the network and 
showed good results. The neural network is trained every 2 weeks (336hours). 60% of the 
data is used for training, 30% for validation and 10% for test.  The number of neurons in 
the hidden layer varies between 3-8, with 1 input delay. The number of feedback delay 
variables, for time series forecasting is determined for each dataset, by autocorrelation of 
the target variables. Significant lags are obtained and used as feedback inputs into the 
network. Each time the network is trained the significant feedback delays are found and 
the network is trained many times till a good fit is acquired, since the initial randomization 
of model parameters does not always lead to good model results. After many training 
attempts, which are stored to a temporary memory slot, the best NARX model is kept and 
is later used for forecasting. The number of neurons which gives the best test results is 
determined at each training (the computational tool tries the option of 3-8 neurons and 
chooses the one with the best fit). Preliminary results have shown that for the current 
dataset, a number of neurons above 8, led to over fitting and poor performance on non-
training data. Data inputs are shown on Table 5. 
 
Table 5: Inputs for artificial neural network training for heat and electricity demand 
forecasting 
Inputs for neural network 
training 
Values 
Day of the week 1-7  
Hour of the day 1-24 
Weekend flag  0 – 1 (1: weekend) 
Average ambient temperature 
for the time period : 3 days 
before till 33hours in the 
future (weather forecast data) 
C 
Solar radiation of future 
timesteps (weather forecast 
data) 
Watt 
Ambient temperature of 
future timesteps (weather 
forecast data) 
C 
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Relative humidity of future 
timesteps (weather forecast 
data) 
- 
Dew point of future timesteps 
(weather forecast data) 
C 
Monthly average temperature C 
 
Some results of the forecasting tool can be depicted in Figure 17 . The forecasting follows 
the trend very nice, despite the very few training data of 336 hours. The R2 for the test 
data of the closed loop network is ~75-80% depending each time on the initial random 
weights. Only during warmer periods of time, where the temperature is high the model 
fails to predict the heat demand. While the actual heat demand is zero or close to zero , 
due to the high temperatures and the building thermostats which work on-off with a 
temperature setpoint and not analog, the predictions show a little demand with variations 
around zero and even negative values. This behavior can be explained because the 
dependence of heat demand and outside temperature changes rapidly, due to the nature of 
the thermostat operation, while the trend that has developed in the neural network, 
mainly because of the weights modelling the user behavior and the weekly patterns, is 
maintained also in the summer period. 
For that reason, the forecasting is implemented only during the winter months and is 
disabled during the rest of the year, to avoid false predictions and increase in fuel 
consumption and cost. 
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3.8.2 Electricity load forecasting 
Electrical load of the district is required, mainly for the cost – based operation of the 
cogeneration units in Case 3 and Case3F. The electrical load is covered either by the 
cogeneration units or by the public net, depending on the price of the net kWh and the 
SMP for selling the produced electricity.  The electricity demand profiles used in the 
current work, are mainly electrical demand for cooling and for dehumidification, internal 
lighting, and ventilation in some of the commercial buildings. Thus, the neural network 
used is very similar to the heat demand forecast model, which was described above. Up to 
8 neurons in the hidden layer are used, with 1 input delay and feedback delays determined 
as before. Again a NARX neural network is used.   
 
Some results of the forecasting tool are depicted in Figure 18. The forecasting outcome is 
acceptable, especially for current application, despite the very few training data. The R2 for 
the test data of the closed loop network is ~90% for the electrical forecasting and 75% for 
the heat forecasting depending each time on the initial random weights. 
  
Figure 18: Actual demand data vs forecasted values for non-training data for heat 
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4 CASE STUDIES 
In the sections below, the basic parameters and information regarding the simulations 
carried out with the DEPOSIT computational tool are presented. 
4.1 Primary energy factors 
Primary energy factors (PEFs) are used for calculating resource consumption and energy 
efficiency. They are fixed values, based on theoretical calculations and are used to 
approximate the total primary energy (primary resources) required for the production of 
1 energy unit of a consumed final energy type (electricity, gas, oil) (Beretta et al. 2012). 
Resource extraction, transportation, storage and efficiency losses (e.g. power plant 
efficiency) are included in the calculation.   Primary energy factors are given in European 
and national legislations, depending on the processing and the technologies involved in 
the generation of the final energy form. The calculation of primary energy factors is not 
clear amongst Europe. Each country uses its own calculating method.  A political factor can 
also affect calculations in order to provide an impulse for or against renewable 
technologies.  On Table 6 , the primary energy factors for various fuel types can be seen 
according to EN 15603:2008 Annex E (European-Standard 2008). 
Table 6: Primary energy factor for various fuel types (EN 15603:2008 Annex E) 
Fuel type Primary energy factor  (PEF) 
 Non-renewable Total 
Fuel oil 1.35 1.35 
Gas 1.36 1.36 
Anthracite 1.19 1.19 
Lignite 1.40 1.40 
Coke 1.53 1.53 
Wood shavings 0.06 1.06 
Log 0.09 1.09 
Beech log 0.07 1.07 
Fir log 0.1 1.10 
Electricity from hydraulic 
power plant 
0.50 1.50 
Electricity from nuclear 
power plant 
2.80 2.80 
Electricity from coal power 
plant 
4.05 4.05 
Electricity Mix UCPTE 3.14 3.31 
 
 The above values include the energy to build the transformation and transportation 
systems for the transformation of primary energy to the delivered energy. 
EN 15603 differentiates between the PEF of imported and of exported electricity.  Reason 
for this is production of renewable electricity during times with off-peak load rather than 
base load. Moreover, exported electricity from chp could be competing with new high 
efficiency central power plants. In Netherlands electrical mix power has a PEF of 2.56 
while exported CHP electricity has a lower PEF of 2.00. 
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According to EN15603 exported energy can be subtracted from the imported energy 
(equation 48): 
 
       48) 
electricity,import export electricity,export( ) ( )importPEC E PEF E PEF       
However, most countries use the same PEF for imported electricity. Thus, the equation, 
can be modified to equation 49: 
       49) 
import export electricity( ) ( )PEC E E PEF        
  
Consequently, the primary energy savings due to decentralized electricity production can 
be calculated by simply subtracting exported from imported electricity. This subtraction is 
done in all countries with yearly totals, and does not take into consideration that import 
and export occurs at different times. 
4.1.1 Evolution of Primary energy factors.  
Renewables are incorporated in the PEF calculation with the value 0 or 1 depending on 
whether the transportation overheads for the electricity delivery to the user are taken into 
account. Thus, primary energy factors of electricity will gradually decrease as the 
contribution of renewable energy becomes more dominant and covers a larger part of the 
total electricity mix and tend towards 1 or 0. This change will affect the primary energy 
savings of chp systems, of new renewable installations and will limit the incentives for 
further consumption savings. Especially for the evaluation of now planned primary energy 
saving measures such as m-chp districts and building retrofitting, PEF values need to be 
reexamined at a regular schedule (e.g. 3-5 years).  
In a study for ECOFYS (Molenbroek et al. 2011) the primary energy factors for grid 
electricity were predicted for 2020 in some European countries, according to their 
National Renewable Energy Action Plans (NREAPs)  and the projected renewable share. 
The results are depicted in Figure 19. 
 
 
Figure 19: Projected PEF values for electricity for 2020 (ECOFYS) 
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4.1.2 Real time primary energy factors  
Primary energy factors are actually dynamic and vary chronically and spatially. For 
example the production of renewable energy sources, which are “free” or “endless” such as 
wind and solar power, is not stable throughout the year. Their performance affects the 
demand on electricity from other sources such as gas. But in national and European 
legislations the PEF of electricity is given as a constant for the entire year.  
This makes the primary energy savings calculations not correct. For example, if a batch of 
cogeneration units would provide high efficiency power and heat generation in a region, 
the effect on the environment and the primary resource consumption would not be the 
same, if this production would occur in the winter with low renewable part or in the 
summer with a higher renewable part.  So, in order to correctly assess the efficiency and 
benefit from a new system (e.g m-CHP systems in a district), a variable primary energy 
factor shall be used, especially for energy forms such as electricity, whose production is 
time dependent. (Wilby et al. 2014). A way of approaching this could be a “next day PEF” 
for electricity (like the Day ahead electricity price), which according to the percentage of 
each contributor (fossil, nuclear, hydro, pv, wind etc) to the electricity generation of each 
hour, would depict the actual PEF that will be used for the electricity for this specific hour. 
This would allow for a more accurate efficiency calculation and savings assessment of 
renewable installations such as cogenerated electricity and photovoltaic or wind 
generation. The current practice that involves annual balance between electricity exported 
to the grid and imported from the grid with a constant PEF (equation 49), does not allow 
for correct primary energy saving claims ,since it is uncertain what kind of generation 
takes place at the specific time of the m-CHP export to the grid. In other words, one cannot 
be confident how resources-efficiently the grid-kWh produced at any specific moment 
was. 
 
In the current simulation both approaches were examined with the DEPOSIT software. A 
simulation has been carried out for a constant PEF and another simulation was carried out 
with a variable PEF. Since variable PEFs are not available, an effort to assess the yearly 
evolution of the PEF was carried out. 
The electricity generation mix for the year 2012 for the country of Germany was used as 
an input. (Fraunhofer-ISE 2012)  
Primary energy factors (Table 7) calculated by IINAS (IINAS (International Institute for 
Sustainability Analysis and Strategy ) 2010) were used for the dynamic PEF procedure).  
The different electricity generation mix in Germany for each of the available 52 weekly 
values, was translated to equivalent PEFs for each week.  
As can be seen in Figure 20 , the renewable contribution to the grid changes over the year, 
as wind generation and solar generation are weather dependent and time dependent.  This 
time and weather dependency is mainly responsible time variability of PEFs. 
According to the weekly production of each technology and its’ part to the total 
generation, a Primary Energy Factor was calculated for this week according to equation 
50.  










   
  
Where PEFelectricity,mix,week = the Primary energy factor for the electricity generation mix of a 
week 
And PEFfuel,s=the primary energy factor for electricity generation with the fuel source “s”. 
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This factor was used for the whole week. If more detailed, electricity generation data, with 
an hourly resolution would be available, a PEF for each hour could be calculated. This 
would allow for even better optimization and improvement of results in Case2F, compared 






Figure 20: Electricity production diagram for Germany 2012 (Fraunhofer-ISE 2012) 
 
 
Table 7: PEF Data for Electricity Generation Systems in the EU in 2010 , CC = 
combined-cycle; PV = photovoltaics; (IINAS (International Institute for 







lignite-DE-rhine 2.4 2.4 0 0 
coal-DE-import 2.5 2.48 0.01 0 
coal-EU 2.45 2.44 0.01 0 
gas-CC-DE 1.93 1.93 0 0 
nuclear-DE 3.29 3.27 0.02 0.01 
hydro-ROR 1.01 0.01 1 0 
solar-PV- 1.25 0.23 1.02 0.01 
wind-park-DE 1.03 0.03 1 0 
wood-cogen-EU 2.99 0.09 2.9 0 
biowaste-cogen-DE 2.96 0 2.95 0 
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Figure 21: PEF for electricity in Germany 2012, calculated according                 
to Table 7 and Figure 20. 
 
The weekly variation of primary energy factors of electrical power, due to the chronical 
variation of the contribution of each system to the total electricity generation is depicted 
in Figure 21 (for Germany 2012). We can see that high wind and solar contribution, to 
lower PEF leads. These variations in the PEF of electricity, can have a major influence in 
the primary energy savings of a distributed m-CHP swarm that exports electricity to the 
grid; the balance between consumed primary energy and saved primary energy, due to 
electricity export, may turn unfavorable of operating the chp units, due to a very “clean” 
electricity at a time (low PEF). This effect would be even more evident, if the PEF variation 
would be hourly, instead of weekly. If an accurate primary resources consumption is 
requested, it is obvious that simple operating m-chp strategies, have become obsolete, 
because they may even increase PEC instead of providing savings. Newer strategies (refer 
to Case 2) take the momentary PEF into account before choosing how to operate the 
cogeneration units, or consider the PEF of the next days so that they can utilize heat 
storage etc , to optimize for more timesteps the PEC (Refer to Case2F). 
The average PEF from Figure 21, is 2.33 . The Primary energy factor with the hourly 
variation will be used in simulations M.PE.V2 , M.PE.V2F for Munich and  A.PE.V.2, 
A.PE.V.2F for Athens. 
In the simulations M.PE.C2 , M.PE.C2F for Munich and  A.PE.C.2, A.PE.C.2F for Athens the 
value 2.5 ( PEF for electricity) has been used ,which is a common primary energy factor 
for electricity, which reflects an estimated 40% average efficiency of generation among 
Europe (Directives 2006/32/EC, 2009/28/EC,  2010/31/EC).  (ECC 2006; ECC 2009; ECC 
2010; Wilby et al. 2014) 
The primary energy factor was used as constant (2.5) and variable (Figure 13) in order to 
show the difference between a constant and a more realistic variable primary energy 
factor in the energy savings calculation. Moreover, the advantages of the DEPOSIT control 
code, in terms of demand forecasting and primary energy factor evolution can be better 
understood and depicted with a variable primary energy factor for electricity.  
 
The primary energy factor for the natural has used by cogeneration units and by the 
auxiliary and reference boilers is taken as 1.1 which considers pumping power for long-
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distance pipelining, and corresponds to 10%  of the primary energy of the pumped gas. 
(European Standard EN15316-4-5 ). 
 
4.1.3 Primary energy calculation 
The primary energy calculation is significant for Case 2 and Case2F, which target primary 
energy minimization. As mentioned previously, the PEC of electricity production is 
deducted from the overall PEC. All calculations are performed at an hourly timestep, 
taking into account the varying thermal and electrical efficiencies of m-CHP units amongst 
their modulating range, as well as other parameters such as ramping rate and transition 
times and efficiencies which are embodied in the hourly thermal efficiency of the units. 
Additional resources consumption regarding start-up heat and electricity consumption of 
units is also added in the balance. A simplified version of the total PEC for each timestep is 
showed in equations 51-56. The total PEC (equation 56) for the micro-grid cases consists 
of the primary energy of the fuel consumed by all the cogeneration units (equation 53), by 
the primary energy of the backup heating systems fuel consumption (equation 55) and by 
the electricity primary energy. The electricity primary energy (equation 54) involves the 
electrical demand of the buildings, the pumps electricity consumption and the electricity 
consumed by the units during the startup procedure. All the electrical consumptions are 
multiplied with the current network primary energy factor for the generation mix. The 
exported electrical energy is supposed to substitute the central generation and therefore 
is multiplied with the same PEF and is subtracted from the total PEC for electricity.   
 
In the reference case, the primary energy consumption consists of fuel consumption of all 
the reference boilers, multiplied with the corresponding fuel PEF (equation 51) and the 
electricity imported from the public net for the electrical demand of the buildings, 
multiplied with the electrical PEF of the generation mix (of the timestep or as a yearly 
average, depending on the scenario and the data available) (equation 52). 
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4.2 Energy market 
Electricity markets have changed during the last years and the power generation and 
retail has been liberalized and a separation of activities and the entrance of private 
producers, retailers etc has been achieved. 
Energy liberalization of electricity generation markets, is bringing greater competition 
into electricity markets and creating competitive markets and reductions in price by 
privatization.  
In the European Union, electricity liberalization started with the First Electricity Directive 
(96/92/EC) regarding common rules of the internal market in electricity. However, only 
general principles were stated in the directive and the European states could determine 
legal framework in their country with great freedom, which lead to differences in energy 
competition amongst them.  
The adoption of the Second Energy Package in 2003 replaced the 96/92/EC.  
The Second Energy Package led further towards the liberalization of the electricity market, 
by reducing the horizontal concentration of electricity conglomerates and by enabling 
competition in the electricity wholesale market and transmission and distribution 
networks. Moreover, third-party access to the energy infrastructure was authorized. 
(Kayikci 2011; Nowak 2010) 
The Second Energy Package proved to be inadequate and the competition in the EU energy 
market did not blossom. Therefore the Third Energy Package (TEP) was adopted on 25 
June 2009. Amongst its targets was to the increase of the interconnection of EU national 
energy markets, to discretize between network and energy supply and production 
utilities, and increase independence of regulatory powers of a ‘European Network of 
Transmission System Operators’ for electricity and gas .(Kayikci 2011; Delgado 2008) 
 
In regulated markets, power-utilities control the entire vertical course of electricity from 
generation to the end consumer. The goal of the whole liberalization and deregulation 
process is to minimize government involvement in the power sector, replace it with 
competition in generation and selling, to increase generation efficiency and quality and 
reduce costs. (Viljainen et al. 2011) 
The various deregulation processes have the goal to isolate the generation and retail, 
which are competitive, from the transmission and distribution, which are monopolies and 
to create a wholesale electricity market and a retail electricity market. 
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4.2.1 Electrical company power price  
The electrical demand of the district buildings can be provided either by the m-CHP 
systems power production via the electricity network or by the central power generation 
utilities. Since SMP-data for Greece have been used for the exported electricity, the 
electricity purchase price for private customers of the Hellenic Public Power Company 
(ΔΕΗ) has been used in the simulations (Public Power Corporation S.A. - Hellas 2016). The 
residential night tariff Γ1Ν has been used, which is a double billing contract, ie 
consumptions carried out during the 24 hours, are charged with different values (normal 
and reduced). The consumptions of the normal billing time are charged the normal price, 
with escalating costs according to the consumption, while consumption made in the low 
charge time are billed at a reduced price. The prices below are valid for single phase 
supply (8kVA) and for a 4-month consumption of up to 1100kWh. Although the tertiary 
buildings have an increased consumption and therefore are not eligible for this tariff, it 
has been used for the whole district for simplification reasons. A higher tariff for tertiary 




Table 8: Electricity purchase tariffs (Public Power Corporation S.A. - Hellas 2016) 










1/5-31/10 23:00-07:00 07:01-22:59 
Price 
[€/kWh]* 
 0.124 0.182 
*including VAT 13% 
4.2.2 Electricity feed in tariffs 
In order to achieve the 2020 goals of the European Union which sets a 20% renewable 
target, many countries have introduced different support measures: capital subsidies, VAT 
reduction, taxes reduction, net-metering, feed ‘in tariffs (FiTs) etc. 
A brief analysis of the various electricity sell support schemes follows:  
 Net metering: When there is power overflow (the cogeneration units produces 
more electricity than the demand), during one timestep, electricity is exported to 
the net. This electricity amount is compensated at a full retail value and the user 
gets the difference between the end consumer price and the market price 
(depending on regulation). 
 Feed in tariff (FiT) : Feed in tariff mechanism implicates the commitment of the 
electricity network to absorb the electricity produced by the RES producer and to 
pay the tariff for this, for a guaranteed time period and at an arranged price.  FiTs 
have been the main supporting scheme for renewables in the last years in Europe 
and U.S.A. and in another 63 countries worldwide.  (Campoccia et al. 2014) 
o Feed in tariff without self-consumption: All electricity produced by the m-
chp unit is exported to the net and sold at a fixed tariff per kWh , which is 
prearranged by a contract. A separate electrical meter is required to 
measure exported electricity. 
o Feed in tariff with self-consumption: The electricity generated is consumed 
within the building/district and when there is surplus of generation, the 
electricity is sold to the grid at a fixed rate.  There are two power meters 
installed. One for electricity consumed from the net and one for electricity 
produced and sold to the grid. 
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 Virtual power plants: Cogeneration units are centrally controlled and operated 
according to day-ahead spot market prices or feed in tariffs or are participating to 
the regulating power market. In the day ahead market, the electricity demand of 
the district/household is neglected and a revenue driven operation is maintained. 
Compensation is at the market price. In the regulating power market units operate 
at an operating level from which they can rapidly ramp up and down (up-regulate 
or down-regulate) according to the market’s needs. The regulating power price 
and the stand by price is paid. (Pade et al. 2013) 
 
4.2.2.1 Feed in Tariff for cogeneration in Greece 
According to legislation in Greece, high efficiency heat and power generation refers to 
cogeneration with at least 10% primary energy savings, or to small (≤1MWe) and very 
small (≤50kWe) CHP devices (that ensure primary energy savings). Electricity exported to 
the grid by those systems, is compensated at a high price (higher than the SMP). 
The rate is 87.85×ΣΡ (Euro/MWh) in the interconnected grid and 99.45×ΣΡ (Euro/MWh) 
in non-interconnected islands. The ΣΡ factor depends on the natural gas price of the last 
period and the electrical efficiency of the CHP. Moreover, the FNG factor is increased by 
20%, if the co-produced heat is used for agricultural purposes. (ΥΠΕΚΑ 2016; ΛΑΓΗΕ 
2016) 
A stable, high FiT, cannot give enough information regarding the DEPOSIT’s operating 
strategies, which can adapt and modulate the m-CHP operation according to the electricity 
buy and sell prices. Therefore the electricity market price has been used, which varies 
from time to time and is the true cost of an electrical energy unit, regardless how it is 
generated and if market participants were equal. 
4.2.3 Day ahead Scheduling  
The Day ahead scheduling is the model for the organization of the electricity market; how 
electricity will be produced, consumed and moved during the next day. Electricity has a 
major drawback; it cannot be stored efficiently in such large amounts and for a 
competitive price. This makes the demand for electricity inelastic. The market requires a 
demand and the suppliers form the price according to competition rules (the market 
however is often driven). The producers are obliged to submit an offer about their power 
offer and the suppliers are obliged to submit an offer for the demand the need. The offers 
from both parties form the next day system marginal price. 
4.2.3.1 System marginal Price (SMP) 
The system marginal price in the deregulated electricity market is the price at which the 
supply and demand of electricity are in balance. This is the price which is paid by everyone 
who demands electricity from the system to everyone who supplies electricity to the 
system. The price forming follows the rules of microeconomic theory. Each producer 
offers an amount of electrical power at a price. The prices of all producers are categorized 
in an ascending order and their outputs are added consecutively. When the demand is met, 
the price of the last unit is the System Marginal Price, which every producer is being paid, 
to produce the agreed amount.  So the System Marginal Price is the price of the most 
expensive energy producer needed to cover the demand. (RAE 2015)   
The marginal system price is also the revenue, which each energy “taker” has to pay, in 
order to cover the demand he requested at the auction.  
If electricity was feasibly storable at an acceptable cost, the major problems of the 
electricity market wouldn’t exist (high pricing, high price volatility, complexities and 
uncertainty in investment decisions, high market driving potential).  If storage was 
possible, electricity would be produced with the cheapest unit and the marginal cost curve 
(Figure 22) would be almost flat. (Ockenfels 2007) 
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Figure 22: Example of System Marginal Price Creation (Ockenfels 2007) 
 
Consequently the electricity price is the result of various parameters of four main regions: 
the renewable generation contribution, the non-renewable generation percentage, the 
demand side and the electricity market competition. All these sectors are affected by 
various parameters, including weather, consumer behavior, technical constraints and 




Figure 23: Electricity Price creation (RWE 2015)  
 
 
The System Marginal Price is used in this thesis for the calculation of the electricity selling 
revenue to the public grid. A constant feed in tariff has not been used, since it is mainly 
targeted to small producers and is not a realistic price that reflects the electricity market. 
Higher feed in tariffs are political and aim to increase renewable production capacities etc. 
They are high prices (especially in the previous years) and have a falling tendency. It is the 
author’s opinion that feed in tariffs will equalize with the System Marginal Price in the 
future.  
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The districts in the proposed concept are small producers and their operations and 
electrical capacity do not affect the general power generation in the state. Thus, our 
district is a Price Taker and does not affect the price creation mechanism. It gets paid the 
current System Marginal Price according to the daily programming.  
Data regarding the system marginal price have been made available by the Greek 
electricity transmission system operator (ADMIE 2011) for the year 2011. The year 2011 
has been picked due to its interesting data evolution with many peak values but also 
“zero” price values, which means that no fee is paid to the energy producers for that hour, 
due to excess electricity production and the inability of some base load units to shut down. 
The effect of this behavior was interesting to be examined in a m-CHP district case. 
Regarding the German power market (European Energy Exchange AG), there was no data 
publicly available, with the hourly resolution needed. Therefore, the Greek SMP (Figure 





Figure 24:System Marginal Price used in the simulations , Greek mix 2011, 
HELLENIC TRANSMISSION SYSTEM OPERATOR S.A. (ADMIE 2011) 
4.2.3.2 Ex Post Imbalance Pricing (EXPIP) (Οριακή τιμή Αποκλίσεων) 
The market settlement is performed 4 days after the Dispatch day. During this procedure 
the market ex post System Imbalance Marginal Price (SIMP) is calculated on an hourly 
basis by executing the Ex Post Imbalance Pricing (EXPIP) procedure after the Dispatch 
Day. The procedure is analogous to System Marginal Price procedure.  
The actual system demand is used and each units production and deviation from the 
scheduled output. The generators' supply deviations are charged or paid, depending on if 
they are positive or negative and if they are instructed or uninstructed.  Load deviations 
are settled at the System Imbalance Marginal Price. The reserves quantities that are 
provided in real time are also paid.  
The ex Post Imbalance Price is the price that is paid to each contributor for the imbalance 
clearances.   
 
Deviations are divided into instructed and uninstructed. Positive instructed deviations are 
paid the relevant SIMP, whereas positive uninstructed deviations are not paid. Negative 
instructed deviations are charged as bid, whereas negative uninstructed deviations are 
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charged the relevant SIMP. Load deviations are settled at the SIMP. The reserves 
quantities that are provided in real time are paid at the relevant DAS prices. (Andrianesis 
et al. 2012) 
 
 
4.3 M-CHP units used in the simulations 
Recent technological advances have led to an increased interest in small CHP units, with 
the prospects of developing units that can provide electricity and heat for individual 
buildings. Micro cogeneration (micro CHP or m-CHP) is defined as the simultaneous 
generation of heat, or cooling energy and power in an individual building, based on small 
energy conversion units below 15 kWel.(Alanne 2004) 
Various technologies exist for micro generation. The goal of the cogeneration systems is 
the transformation of the chemical fuel energy to electrical energy and thermal energy as 
efficient as possible. The main difference of each technology is the way the fuel chemical 
energy is converted, which can be either through internal and external combustion or 
electrochemical transformation (Giannopoulos 2012) .(Figure 25)  
 
Figure 25: Main cogeneration technologies and energy transformation processes 
(Pehnt et al. 2006) 
Each technology features some advantages and disadvantages and their choice depends on 
usage characteristics, fuel and electricity prices and environmental legislation. For 
example Thornton & Monroy 2011  showed that while internal combustion engines and 
gas turbines prove to be the most economically efficient systems, compared to fuel cells 
and micro turbines, when environmental legislation is considered results are different.  
Depending on the technology type (internal combustion, external combustion and fuel 
cells) the thermal efficiency and electrical efficiency ratings differ as it is depicted in 
Figure 26 . 
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Figure 26: M-CHP technologies classification based on their thermal and electrical 
efficiencies. (Dijkstra 2009) 
 
M-CHP units aim at the market of Single and Multifamily houses, as well as small and 
medium scale businesses, due to their high total efficiency, the low emissions which is 
very important in residential areas, the little maintenance demand of modern units and 
the lack of vibration and noise output, in some m-chp technologies. (Kuhn et al. 2008) 
 
In this thesis three different m-CHP technologies have been examined, one of each 
category:  
a) a fuel cell (SOFC) 
b) an external combustion engine (Stirling)  
c) an internal combustion engine (ICE) 
 
 
4.3.1 FC-District test unit – Solid Oxide Fuel Cell (SOFC)  
A solid oxide fuel cell (SOFC) is a device that produces electricity from oxidizing a fuel, 
without burning it, but through electrochemical conversion. SOFC is one of the most 
promising technologies for clean energy production for a wide range of applications. 
Modern fuel cells produce 360-450g of CO2 per kWh of electricity generated with natural 
gas as input (after reforming). This is 30-45% lower than the UK electricity grid carbon 
intensity. (Staffell 2009)  
Fuel cells consist of an anode, a cathode and the electrolyte. Hydrogen, releases electrons 
on the anode, which are then conducted to the cathode via an external circuit. The protons 
then diffuse directly through the electrolyte to the cathode, and subsequent are converted 
to water by reduction oxygen.  The classification of fuel cells is done for different 
electrolytes, temperatures of the process and source of hydrogen. Fuel cells can also be 
used with other fuel types such as natural gas, which are reformed to hydrogen via a 
reformation process. (Haart & Peters 2009)  
Fuel cells have some significant advantages: 
 High electrical efficiencies ~40-55%, depending if reformed fuel is used. 
 No emissions if hydrogen is used as fuel or CO2 and nitrogen and sulfur oxides if 
reformed fuel is used. 
 Adaptability to loads and high efficiencies at all operating levels. 
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 Very low noise emission   
In the current thesis a SOFC is studied and used for the simulations in the proposed 
district. Solid oxide fuel cells have a “solid oxide” or ceramic electrolyte material. A 
schematic of the used SOFC system is shown in Fig. 1.  Solid oxide fuel cells operate at 
temperatures between 700-1000°C. (Badwal et al. 2014) 
The high operating temperature of the SOFC enables internal reforming of a gaseous fuel. 
The proposed SOFC unit is operating with natural gas that is converted via catalytic partial 
oxidation (CPOX) to a hydrogen-rich gas. This setup has the advantage of a simple layout 
with the lowest capital and operational costs. 
Disadvantages of SOFC systems include long waiting time for startup and cool down cycles 
in order to avoid / minimize the thermal stress, caused by the large temperature in the cell 
and the different thermal characteristics (expansion coefficients) of the various materials 
used. 
Another disadvantage of fuel cells is the decrease of the maximum electrical output (and 
nominal voltage) which is known as degradation. The degradation rate is usually 0.3-3% 
voltage reduction every 1000 hours of operation. [Iain Staffell PhD]. 
Main reasons for stack degradation are: 
 Attack of electrochemically active regions in the stack by contaminates (sulphur, 
chromium etc) 
 Material migration in the anode and the cathode 
 Temperature gradients 
 Reactant crossover through pinholes (created during production), which ignites 
and creates local hot spots. 
Other subcomponents of the cell are also susceptible for power degradation. (Gemmen & 
Johnson 2006) 
Electrical efficiency of a fuel cell and cell voltage are linked.  So as the voltage output of the 
stack decreases over time, the same happens to the electrical efficiency. (Larminie & Dicks 
2003; Staffell 2009) 
However, with electrical efficiency decreasing, a part of the fuel cannot be utilized. Fuel 
energy cannot vanish, as the first law of thermodynamics suggests. This fuel energy is 
converted to heating due to “increased ohmic cell resistance”, or is combusted. Thus, the 
thermal output of the unit increases, as the electrical output decreases. However, the 
additional heat is not equal with the loss in electricity production, because heat recovery 
does have losses.  Heat is lost in the exhaust gas and from the unit itself by means of 
thermal transport (radiation, convection). (Onovwiona & Ugursal 2006) 
However, at each operating stage of the unit there is a “thermal utilization ratio”, which is 
defined as the heat which is extracted from the available heat. (Staffell 2009) 
This thermal utilization ratio is assumed to remain constant as the unit degrades. With its’ 
help the increase in thermal efficiency is calculated according to the decrease in electrical 
efficiency (equation 57).  
  














With help of the utilization ratio, the thermal efficiency and following, the thermal output 
can be calculated from the degraded electrical output at each timestep (Gemmen & 
Johnson 2006; Onovwiona & Ugursal 2006). An example of the deterioration of the 
electrical efficiency and the theoretical increase in the thermal efficiency of the SOFC fuel 
cell is depicted in Table 9.  
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The voltage drops gradually due to the degradation effect (equation 59). As the current 
remains the same, the voltage degradation leads to a power output drop (equation 60). 
The new electrical efficiency is calculated with equation 61, with the decreasing power 
output but the constant fuel input. 
The new thermal efficiency is calculated from equation 59 as the thermal utilization ratio 
is assumed constant.  
 










   
 
From equation 62 the thermal output after degradation is calculated. 
 
This calculation is performed at each partial operating load of the unit, according to the 
supplied efficiency data. The utilization factor is different at each partial load. An array is 
created at each timestep containing the various turndown ratios of the Cogeneration unit, 
its electrical efficiency and its thermal efficiency after the calculation of stack degradation. 
With help of this array the thermal and electrical outputs are calculated. The degradation 
which is statistically given for 1000 hours of operation is divided by the timestep duration 
(=1h) and so the degradation is continuously calculated. So the arrays with the new 
efficiencies and outputs change at every timestep of the simulation. This makes the results 
more accurate, in comparison to calculating the degradation and the new outputs only 




Table 9: Changes in system efficiency over the operating hours of a fuel cell.  






















1000h 700 1500 2500 1,667 30% 50% 80,0% 
2000h 696,5 1493 2505 1,679 29,9% 50,1% 80,0% 
3000h 693 1485 2511 1,691 29,7% 50,2% 79,9% 
4000h 689,5 1478 2516 1,703 29,6% 50,3% 79,9% 
5000h 686 1470 2521 1,715 29,4% 50,4% 79,8% 
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6000h 682,5 1463 2527 1,728 29,3% 50,5% 79,8% 
7000h 679 1455 2532 1,740 29,1% 50,6% 79,7% 
8000h 675,5 1448 2538 1,753 29,0% 50,8% 79,7% 




A usually cited value for the lifetime of a fuel cell system is a minimum operating period of 
40000h.The planar, compact SOFC stack utilized here has a nominal electrical power of 1.5 
kWel and an electrical output of 2.5kW. It is a prototype unit (Frenzel et al. 2012) 
developed in the frame of the project FC-DISTRICT (CORDIS 2014). 
 
 
Figure 27: SOFC schematic diagram (Frenzel et al. 2012) 
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Figure 28: Thermal and electrical efficiency (LHV) of the SOFC used in the 
simulations as a function of its electrical output level 
4.3.1.1 Startup energy of SOFC unit 
 
Fuel cells require a significant amount of energy to startup. And this energy cannot 
be used in heating the buildings, since fuel cells and other central heat generating 
appliances are usually located in non-heated parts of the house such as the 
basement, which is also the assumption in the present work. This energy is 
therefore “lost”. No heat or electricity is created during this procedure. 
According to Hawkes et al. 2009  starting a PEMFC system consumes 17Wh 
electricity and 1.6 kWh of heat.  SOFC units require 17Wh electricity and 2 kWh of 
heat.  
This energy has to be taken into consideration in calculations of fuel consumption 
and primary energy consumption. Thus, the computational tool uses this input, 
which is entered by the user to choose whether it is economic or from a primary 
energy point of view, viable to “fire” up the specific unit type at a timestep. The 
forecasting helps make the decision.  Moreover, this energy is added to the energy 
balance, the costs and the primary energy consumption. Specifically for the SOFC, 
however, the shutdown of the unit is allowed only once in the spring and the units 
remain off for the whole summer season and restart once in the autumn/winter. 
Therefore the startup energy, although considered does not affect the results, since 
a startup is only performed once in the whole simulation time. 
 
4.3.2 EHE-Whispergen Stirling engine  
A Stirling engine converts thermal energy to mechanical work and then mechanical work 
produces electricity. “A Stirling engine is a mechanical device which operates on a *closed* 
regenerative thermodynamic cycle, with cyclic compression and expansion of the working 
fluid at different temperature levels.”  (Walker 1980)  
The heat is generated outside the Stirling engine and not by internal combustion. Thus, 
many different heat sources can be used.  Due to the external combustion, the service need 
is lower compared to the internal combustion engine. However, the service intervals are 
similar to other reciprocating engines.  Moreover, they have low emissions (especially 
NOx) and have lower noise emission which makes them also suitable for single family 
buildings and residential areas. (Alanne 2004) . Stirling engines, however, feature low 
electrical efficiencies and high thermal efficiency which makes them not so suitable for 
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modern households with low heat demand and thus higher power to heat ratios. They are 
better suited for older buildings with higher heat demands. 
In the current work the EHE Whispergen Stirling engine is used which is based on a 4-
stroke Stirling engine, which works via natural gas combustion. 
 
The working gas, which expands and compresses, due to the changes in temperature, and 
produces electricity, is nitrogen.   
Each m-CHP unit is fed with natural gas, and produces 1 kWel nominal electrical output 
and 7 kWth nominal thermal power, with no power modulation capabilities. Figure shows 
the main components of the EHE unit, as well as its main technical features.  
1. Electrical generator 
(230Volt AC power) 
2. Stirling engine, that 
provides mechanical power 
for the generator 
3. Gas burner assembly, that 
provides the heat needed 
for the operation of the 
Stirling engine 
4. Auxiliary burner, for 
additional heat output  
5. Fumes-water heat 
exchanger that recovers 
heat from hot gases 
produced by the burner 
6. Two fans that provide 
combustion air for the main 
and auxiliary burners and 
exhaust, the combustion 
gases from the process, to 

















Power consumption (net) 
Standby  9W 
Generating 60W 








Figure 29: EHE WhisperGen technical data (Efficient Home Energy 2012) 
The EHE cogeneration units are able to produce up to 14 kW thermal output, by means of 
a combination of the primary and secondary burners. The secondary burner is 
automatically activated in case of failure of the primary burner. If the secondary burner is 
activated, a large amount of heat would be transferred to the district heating circuit, which 
would “ruin” the power to heat ratio. It is supposed to operate only as a backup heating 
system in the proposed districts. For the purpose of the simulation the afterburner is not 
working / or is regarded as a part of the backup heating system. 
In order to assess the influence of the transitory heat-up period of any unit several tests 
have been carried out at the Stirling Centre with two Stirling CHP units. Three variables 
have been monitored: gas input, electric output, and thermal power. Figure 4 below 
presents an experimental characterization of the CHP unit, performed at the Stirling 







 110  Emmanouil Malliotakis - June 2016 
 
 
Figure 30 : Experimental values for the Thermal output, Electric power and Gas 
input for the EHE Stirling engine used in the present work. Unit operating 
conditions: hot start, 70 ºC water initial temperature, and 60ºC set point. 
Characterization performed by the Stirling Center 
 
Tests on the unit were conducted by the Stirling Center (ES) on 28/8/2013 , on unit 
number 125.The electrical average ramp rate till the unit reaches stable operation (18nth 
minute) is calculated to 54W/min. The cold startup ramp rate is calculated from Figure 31 
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After an inactivity of more than an hour, the piston seal of the Stirling engine cools and 
shrinks. The starting performance of the engine is therefore good. After some time, the 
seal heats up and expands and because of the leakage the engine stalls and the electrical 
output does not rise above 0.6kW for ~25min , before the nitrogen is heated, expands and 
restores the seal. Then the engine reaches maximum speed and electrical output. (Clucas & 
Raine 1994) 
  
Whispergen Stirling units are entered in the computational tool as group/type 3 and are 
able to be controlled individually to meet better the demand and to optimize district 
performance (in Case2F & 3F). If individual unit control for units 3 is enabled, then the 
cold start is chosen to accurately assess the performance of the unit. Because very often 
thermal cycling is not suggested by the manufacturer, units in this operation mode are 
operating in turn. By operating them in turn, it is also established that they have similar 
total operating hours and service intervals, maintenance costs and lifetime can be better 
programmed. The DEPOSIT software operates units at an hourly basis. So, the complex 
nature of the first hour of cold start for the cogeneration unit, does not affect the 
simulation results. The startup heat, startup electricity, produced electricity, produced 
heat etc in the first timesteps are entered as energy quantities.  
  Various simulation parameters needed by the DEPOSIT computational tool are: 
 Startup fuel= The fuel during the preheating phase of the from Figure 31: 8.84kWh  
 Startup electricity= Engine preheating phase, the alternator consumes 150Watt to 
start the engine; The electricity consumed during the units cold startup to by the 
alternator and the pumps is 7.75 Wh. Then during the first minutes and for the 
first hour the electrical output is limited. The net electrical output minus the 
electrical requirement for the first hour of operation is 0.585kWh. (calculated from 
Figure 31) 
 Startup time=Time till the unit starts producing electricity from cold start. = 6.5-7 
min. Since the first hour is assumed as transient after a cold start, the whole hour 
is entered as a startup time. 
 Startup heat production: During the cold start operation the thermal output rises 
slowly till it reaches its maximum value of approximately 7.4kW. The effective heat 
output during the first hour is 5.54kWh (calculated from Figure 31) 
 Shutdown fuel =0, After the shutdown the fuel flow is immediately terminated. 
 Shutdown electricity = 73Wh electricity are consumed during the shutdown 
procedure by fans, circulating pumps. The pump and fan continue running for 
some minutes after fuel combustion has stopped in order to transfer useful heat 
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into the heating system and avoid unit overheating. An electrical pump and fan 
load of 140 W can continue for up to 45 min after combustion has stopped. 
 Shutdown time=50min (70 min till circulating pump and fan stop) 
 Shutdown heat= the heat gradually dissipated due to the high thermal mass of the 





4.3.3 AISIN SEIKI –Internal Combustion Engine (ICE) 
Internal combustion engines (or reciprocating) engines are widely used and very efficient 
cogeneration technologies. A fuel is ignited in the combustion chamber and moves a piston 
in the cylinder/s. The piston/s is connected to the crankshaft which transforms the one-
dimensional movement of the piston to a rotation, which connected to a generator 





Figure 33: Schematic display of four strokes of internal combustion engines (Leduc 
n.d.) 
 
Natural gas reciprocating engines can offer very good start up times and load adaptation. 
Initial capital cost is corporately low, and although high maintain ace is needed, reliability 
is also at very high standards.  Electric efficiencies can range up to 30 % (LHV) for engines 
<100kW and the overall system efficiency can reach 80% (HHV). 
However, ICE units have a noisy operation and many moving parts which require regular 
maintenance and oil changes.(Kuhn et al. 2008) 
Moreover, depending on the fuel used they can have high CO2 and SO2 emissions, while 
temperature and air of combustion affects NOx , CO and incombustible hydrocarbons 
emissions. (Alanne 2004) 
ICE chp units produce electricity by driving synchronous generators at constant speed to 
produce AC electricity. At partial load the heat rate increases and electrical efficiency falls. 
(U.S. Environmental Protection Agency 2015) 
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The AISIN SEIKI chp system is a natural gas or LPG endothermic engine that, drives a 





Figure 34: Thermal and electrical efficiency (LHV) of AISIN SEIKI ICE engine as 
functions of its thermal output (AISIN 2012) 
 
The thermal efficiency and electrical efficiency data that is used for the simulations is 
depicted in Figure 35. 
. The manufacturer data (Figure 34) , did not come into agreement with measurements by 
(Rosato & Sibilio 2012; Rosato & Sibilio 2013; Roselli et al. 2011). Thus, the thermal 
efficiency was correlated from the electrical efficiency and the electrical and thermal 
output of the above measurements (Figure 35) 
 
 
Figure 35: Thermal and electrical efficiency (LHV) of AISIN SEIKI ICE engine as 
function of their electrical output ( Rosato & Sibilio 2012) 
 





Figure 36: Transition from standby mode to normal mode (for AISIN SEIKI ICE 
engine) during test number 1 in case of hot start-up. (Rosato & Sibilio 2013) 
 
 
In Figure 36, the warm up period of the specific ICE m-CHP unit is depicted, for a warm 
startup up. Measurement data is important for the various simulation parameters that 
needed by the DEPOSIT computational tool, in order to achieve better energy balance and 
fuel consumption results. Parameters identified and entered in the simulation are:  
 Startup fuel= The fuel during the preheating phase of the from Figure 36: 91.4Wh 
 Startup electricity= The electronics and the inverter cooling fan consume 
190Watts  for ~1min before the electricity production starts. The electricity 
consumed during the units hot startup by the alternator and the pumps.= 3.2Wh  
 Startup time=Time till the unit starts producing electricity from hot start. = 1 min  
 
The AISIN SEIKI cogeneration unit can be switched on and off in contrast to the SOFC unit 
which shall not be switched off often. Therefore the shutdown operation is enabled in the 
DEPOSIT software and is utilized when the demand is low, to avoid heat dumping or when 
the circumstances are not favorable (cost or primary energy related).  
Consequently the cool-down procedure and the parameters important for the energy 
balance must be known and entered in the computational tool.  
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Figure 37: System operation during cool-down mode (for AISIN SEIKI ICE engine) 
(Rosato & Sibilio 2012)  
 
The shutdown curve depicted in Figure 37, has been used to calculate the thermal energy 
recovered at the heat exchanger after the shut-down procedure has been initiated 
(equation 63).  The thermal output decreases at a rate of ~ 2050Watts/min and then 
reaches a plateau of 5100Watt which lasts 237sec . Then the thermal output reaches zero 
almost immediately.  
The  thermal ramp down rate was used to calculate for the various operating intervals the 
heat delivered till the 5100Watt level is reached and then the 0.336kWh (=5.1kW x (386-
149)sec / 3600sec/hr) energy amount is added to that value.  
From the sum of those values the heat output is estimated, that is delivered to the system 
after the shutdown command is given. This residual heat is used to charge the buffer 
tanks. 









Q qHX dt    
The various heat outputs delivered to the water network after the shutdown command 
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Table 10 : Heat outputs after the shutdown procedure from the different operating 
levels. 
Thermal output level 
















 The electrical consumption of the cogenerator during this timeframe is 190W for 
~330sec, which corresponds to 17.46 Wh electricity. 
 
The fuel consumed by the unit during this cool-down operation, is also calculated from 
Figure 37.  The fuel flow drops to ~0.7 Nm3/hr and after integration a fuel energy of 
653Wh is consumed during the cool-down procedure.  




4.3.4 Operating intervals 
The AISIN SEIKI unit can operate at the operating fractions of the maximum electrical and 
thermal output on Table 11. The fractions of the electrical demand are entered by the user 
during the execution of the program (see Appendices).The various thermal and electrical 
outputs are depicted in Figure 38. 
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Figure 38 : Operating outputs of AISIN Seiki (thermal and electrical) (Roselli et al. 
2011) 
According to Rosato & Sibilio 2013  the AISIN SEIKI thermal recovery behavior is strongly 
affected by the units cooling water temperature. If the temperature level is lower than a 
set point, the water glycol mixture is not circulated through the heat exchanger and there 
is no heat recovery. After some time, when the temperature reaches the set point, the 
pump is activated and heat is recovered. Thus, it takes more than 30 min of normal 
operation (after startup procedure) to reach the levels of thermal efficiency that are 
experienced under steady state hot operation.  In order for the DEPOSIT software to take 
this deficiency into account, and since calculations are performed on an hourly basis, a 
coefficient can be used which will be used to calculate the thermal output, for the hour 
after the startup of the ICE units.  Since the electric efficiency is not affected (see Figure 
39) by this behavior, the electrical efficiency is not changed in the DEPOSIT software, only 
the thermal output is changed in the calculations (equation 64). 
       64) 
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Figure 39:  Experimental values of electrical output of AISIN SEIKI as a function of 




Figure 40: Experimental values of nth,MCHP / nth,MCHP,MAX as a function of the time 
during normal mode operation.(Rosato & Sibilio 2013)   
 
From Figure 40 an average curve was used, which is depicted in Figure 41 
. It was used for an hourly averaged coefficient, which limits the thermal output of AISIN 
SEIKI units for the first hour after start up. The coefficient (nreduction,cold-engine) that emerges 
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by integrating the curve, divided with the elapsed time, is 0.909 , which is used to reduce 
the thermal output that would normally be extracted by the units heat exchanger under 
normal operation of a unit that is operating for some time (>1h).   
This factor is used only in simulations where the AISIN SEIKI will experience long shut 
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4.4 Reference and backup systems 
4.4.1 Reference boilers characteristics 
In order to achieve benchmark comparison of operating cost and primary energy 
consumption of the m-CHP district with a reference case, a typical reference case is 
simulated, which features no district network and only decentralized gas boilers, which 
serve each building separately. Reference boilers are assumed to be a mix of older and 
newer boilers and to have 75% average yearly efficiency (calculated with KENAK 2010), 
which includes oversizing, ramping losses, standby and operating transmission losses and 
exhaust losses. This efficiency is a yearly average and is used for the calculations of the 
operating cost and PEC of the reference case. The reference boilers are assumed to operate 
on natural gas, as are the m-CHP units, to avoid differences in primary energy factors, due 
to different fuel use. 
4.4.2 Auxiliary heating system characteristics 
In the m-chp cases, the thermal output of the cogeneration units is lower than the peak 
demand of the district heat demand. Main reason for this is the very high capital cost of the 
m-chp units and the reason that peak thermal demands are very rare through the year as 
it is depicted in the load-duration diagrams in chapter 4.5. Therefore the units are 
undersized and heat buffer tanks and intelligent operating algorithms try to meet the 
demand. Of course during very high thermal requests, additional heat is needed, which is 
provided by a central boiler cascade which is connected to the district pipeline system and 
provides the additional thermal energy required. The backup boiler/s are operating on the 
same fuel as the m-CHP units (natural gas) and are chosen to have an 80% annual average 
efficiency, which includes oversizing, ramping losses, standby and operating transmission 
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4.5 Cities 
The efficient operation of a thermal micro-grid, depends on many factors. One of the most 
important factors are the weather conditions especially in the past, where simple 
operating strategies (max rectangle) were used. Weather conditions affect the load 
duration curve of the thermal demand and following the operating hours of m-CHP units, 
the required power to heat ratio and the economic viability and sustainability of a project. 
Therefore two regions have been chosen to be simulated with the DEPOSIT software with 
different weather profiles. Athens, the capital of Greece which experiences mild-short 
winter periods and Munich, the third largest city of Germany, in close proximity to the 
Alps, with long and very cold winters. Moreover, to examine the capabilities of the 
software and the performance limits of the m-CHP units, two different district profiles 
were used. In Athens a residential suburban area was simulated, while in Munich a 
commercial center district was simulated. These two setups feature differences in the heat 
load, with the latter having a smoother and longer load – duration diagram, while the 
Athens-residential setup experiences high thermal demand peaks and many hours with no 
heat request. The residential load fluctuates intensively, while the hotels and offices of the 
financial center demand a smoother heat profile (and more thermal energy per km2). 
 
4.5.1 Athens 
Athens is the capital and largest city in Greece. Athens is one of the world’s oldest cities. 
Athens is located in Attica Basin. The Attica basin is surrounded by 4 large mountains 
(Mount Parnitha to the north, Mount Penteli to the northeast, mount Hymettus to the east 
and mount Egaleo to the west.) (UHI 2009) 
Athens has a very complex geomorphology (due to its mountains), which causes a 
temperature inversion phenomenon (Meteorology: Inversion: Generally, a departure from 
the usual increase or decrease in atmospheric pressure with altitude. Specifically it almost 
always refers to a temperature inversion, i.e., an increase in temperature with height, or to 
the layer within which such an increase occurs. An inversion is present in the lower part of 
a cap. (National Weather Service)    
Athens has a Csa classification (subtropical Mediterranean climate), according to the 
Köppen system and has just enough annual precipitation to avoid Köppen's BSh (semi-arid 
climate) classification. (Founda 2011) 
The climate in Athens is affected in some regions of the city by the heat island effect 
(which is a phenomenon were a city is considerably hotter than the surrounding rural 
areas. Cause of this phenomenon are the human activities which generate waste heat and 
human constructions which store short-wave radiation)  (Solecki et al. 2005; EPA 
(Environmental Protection Agency)) 
 
The urban heat island effect is responsible for higher temperatures in the city center, 
compared to the surroundings and leads to very high energy consumption and cooling 
demand in the summer. (Katsoulis & Theoharatos 1985; Stathopoulou et al. 2005; 
Kassomenos & Katsoulis 2006; Santamouris et al. 2001; Santamouris 1997) 
 
Various climatological parameters such as temperatures, rainfall and radiation are 
displayed on Table 12 and Figure 42. 
. 
 122  Emmanouil Malliotakis - June 2016 
Table 12: Athens-climatological information  (World Weather Information Service 
2015a) 












of Rain Days 
Jan 5.2 12.5 56.9 12.6 
Feb 5.4 13.5 46.7 10.4 
Mar 6.7 15.7 40.7 10.2 
Apr 9.6 20.2 30.8 8.1 
May 13.9 26 22.7 6.2 
Jun 18.2 31.1 10.6 3.7 
Jul 20.8 33.5 5.8 1.9 
Aug 20.7 33.2 6 1.7 
Sep 17.3 29.2 13.9 3.3 
Oct 13.4 23.3 52.6 7.2 
Nov 9.8 18.1 58.3 9.7 
Dec 6.8 14.1 69.1 12.1 





Figure 42 : Athens irradiance and ambient temperature (Meteonorm/TRNSYS 
Library)  
 
4.5.1.1 Athens demand profiles 
The simulation area in Athens is a residential district, featuring many single family houses, 
some multi-family houses and a few hotels. This district type was chosen, due to the effect 
of the user occupancy profiles on the heat demand and the high peak loads it experiences 
especially in the morning hours and the late evening hours. On Table 31, the composition 
of the fictitious district in the Athens region is displayed. 60% of the building area consists 
of single family houses, 30% of multifamily houses and 10% hotels. For the SFH, 5 
different user occupancy profiles have been simulated. 
The load duration diagram in Figure 43 , shows that all the residential buildings have high 
peak heating demands, but require heat only 15-20% of the year. The hotel, is a very small 
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hotel with low demand and not process heat requirements. The large MFH1 on the other 
hand,  has increased demand compared to the small residential buildings, lower ratio of 
peak- to average- demand (smoother demand profile) and is the only building that has 
thermal demand for more hours ~35% of the year. In Figure 44, the thermal load duration 
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Figure 44: Load duration diagram for the District composition chosen for Athens 
(Greece) 
The Athens electrical profiles for the various buildings, constituting the district, contain 
lighting, ventilation electrical demand for the hotel building and cooling electrical demand 
for all the buildings in the district. The total electrical demand is depicted in Figure 45. The 
Athens district has very high cooling demand in the summer and no thermal request for a 
very long period. The operation of the m-CHP units, only for electricity production, is not 
an option, as it would cost more, than purchasing the electricity from the net. Therefore 
the electrical demand for the period with no m-CHP operation is deleted from the profile, 
as it didn’t affect the operation or the energy balance and only added to the total cost or 




Figure 45: Electrical demand profile for the Athens simulations, without electrical 
demand in the summer 
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4.5.2 Munich 
Munich is the third largest city in Germany with a population of 1.496 million people 
(Munich City Hall 2015).It is the capital of Bavaria and lies north of the Bavarian Alps. The 
river Isar flows through the city. Munich's climate is classified in the Köppen classification 
as Cfb (Oceanic).  Munich experiences very high precipitation rates, with the rainiest 
periods being late spring and in the summer, while the number of rain days in the winter 
is lower. The high precipitation number can be justified by its proximity to the Alps, which 
is also connected with lower temperatures and more snow, but also with sudden 
temperature raises in the winter due to the warm downhill wind from the Alps (föhn).  
Various climatological parameters such as temperatures, rainfall and radiation are 
displayed on Table 13 and 
Figure 46. 
 
Table 13: Munich-climatological information (World Weather Information Service 
2015b) 












of Rain Days 
Jan -3.7 2.7 48 10 
Feb -3.2 4.3 45.2 8.6 
Mar 0.1 9 57.7 10.5 
Apr 2.8 12.5 69.9 10.9 
May 7.2 18 93.4 11.6 
Jun 10.4 20.5 127.6 13.8 
Jul 12.6 23.1 131.6 12 
Aug 12.3 23 110.5 11.4 
Sep 8.9 18.8 86.3 9.6 
Oct 4.7 13.2 65.4 9.1 
Nov 0.2 6.9 71 10.7 
Dec -2.3 3.7 60.8 11.2 
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Figure 46: Munich horizontal irradiance and ambient temperature 
(Meteonorm/TRNSYS Library ) 
 
4.5.2.1 Munich Demand Profiles 
 
The simulation area in Munich is a commercial district featuring office buildings, hotels 
and few residential buildings. This district type was chosen, due to the large heat demand 
density, compared to the residential buildings, and due to the thermal demand for more 
hours per year. Office buildings and hotels have heat requirements even in transition 
periods, due to the higher thermostat settings by guests and employees respectively and 
due to higher ventilation rates and ventilation heat losses. And while in residential 
buildings the owners , who also pay the heating bill, shut down the heating when the 
temperatures start rising in the spring , hotels and offices usually keep heating systems 
running, to satisfy guests and employees. Also in single family houses, owners lower the 
thermostat settings in the night, or completely shut down the heating when they are 
sleeping or absent. On the other hand, the continuity of the heat demand in hotels and 
offices is also justified by the working hours of their heating systems (24/7 for hotels and 
during working days and hours for offices), which makes them less susceptible to user 
behavior. Moreover, service heat demand is also playing an important role to the longer 
load duration diagram of commercial buildings.  
On Table 28, the composition of the fictitious district in the Munich region is displayed. It 
consists of 20% multifamily buildings, 30% hotel buildings and 45% Offices. Only 5% of 
the region are single family houses. The load duration diagram in Figure 47 shows that the 
commercial buildings in the Munich district a load duration curve with an increased 
“volume”, which can be translated that the heating load is relatively high for more hours 
per year.  
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Figure 48: Load duration diagram for the District composition chosen for Munich 
(Germany) 
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The Munich electrical profiles for the various buildings constituting the district, contain 
lighting, ventilation electrical demand for the tertiary sector buildings and cooling 
electrical demand for all the buildings in the district. The total electrical demand is 
depicted in Figure 49. 
 







4.5.3  Comparison of weather data 
The weather in the Athens region, which is at the 37 north parallel is much hotter than the 
Munich area which is at the 48 north parallel. The ambient temperature is higher 
(statistical) than the Munich temperature throughout the whole year, with hotter summer 
and milder winters (Figure 50). The solar radiation is also higher in Athens (Figure 51) as 
Munich features more overcast days and much higher precipitation rates. 
The colder climate of Munich leads to a higher thermal demand than Athens, for similar 
buildings and uses, and for more heating hours per year. This is generally a better yeast 
for the cultivation of m-CHP projects. Another variable that favors the Munich district, 
regarding the m-CHP applicability is the mix of building profiles that form the 
neighborhood. The type of buildings in the chosen Munich mix have a smoother heat 
profile, because they do not have often on-off switches that residential buildings have. 
Their continuous operation for many hours per day and their service loads form a profile 
with lower peaks and more heating hours per week. The combination of the colder 
weather conditions and of the number and type of building thermal load profiles in 
Munich, create a different power-load profile than Athens (Figure 52), with higher peak 
load but a “fuller area” below the power-load curve and many operating hours.  
Micro cogeneration usually requires many operating hours and continuous thermal 
demand to utilize all the cogenerated heat and achieve the high combined efficiency 
compared to the reference heating system and the power net.  
Two total different districts have been simulated with the DEPOSIT computational tool to 
examine the potential of new dispatch algorithms, of unit modulation, intelligent heat 
storage and demand forecasting in two opposite situations: one which favors CHP 
operation and one which would not be applicable for the typical cogeneration application. 
The Athens case is also a trial for the micro-grid concept and the important role that the 
various thermal requirement profiles play, in smoothing out the demand and increasing 
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the operating hours of all m-CHPs compared to a case where each building would have its 
own CHP and, there would be no district network. This effect can be seen by comparing 
the individual Athens heat load profiles (Figure 43 with Figure 44) 
 
 











 130  Emmanouil Malliotakis - June 2016 
 
Figure 52: Load duration comparison diagram for the District compositions of 





4.6 District definition 
 
The micro cogeneration district concept is based on dynamic heat exchange between the 
buildings. The cogeneration systems, the heat buffer tanks and the buildings district heat 
exchangers are all interconnected via the heat distribution system and create a local 
district heating net, which operates on the principle: “All for one and one for all” , meaning 
that all heat and electricity producing units in the network operate for all heat and 
electrical consumers equally. If half the district has no demand and the other district has 
demand, at a specific timestep, all the units operate to cover the demand of the half with 
the demand. 
If for example a building needs heat during working hours while another building needs 
heat in the afternoon, heat production from the CHP units could be shifted to the first 
building first and to the second building in the afternoon. Due to this load variation and 
demand-time divergence, a more efficient cogeneration concept is created. Units operate 
more hours, with less shut-down sessions and with less ramping. This is more efficient 
and the unit failure rate is reduced. Furthermore, in such a dispersed cogeneration case, 
the heat demand peaks, will be lower than the sum of the individual buildings’ peaks, due 
to the statistic variance of the time of the heat and electricity demand. Thus, the network 
of m-chp units can be undersized. The backup heating system will also cost less, in 
comparison to a case where each building has its own m-chp and backup heating system. 
Therefore variations in the heat demand profiles and the electricity demand profiles are 
very important. This variation leads to implementing load shifting between the various 
buildings.  
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The consumer mix in a district is the most important factor for the overall micro grid 
efficiency. The characteristics of the heat and electrical demand profiles such as peak 
values, evolution through the year, load-duration characteristics and when and how these 
two coincide, affects the efficiency and overall operation of the concept. The heat-electric 
coincidence plays a very important role in using cogeneration systems effectively, because 
as a cogeneration systems produces more electricity, more cogenerated heat is produced. 
Thus, if heat and power curves have a similar trend and course, it is optimum. (Thornton & 
Monroy 2011) (Figure 53). 
 
 
Figure 53: Heat-electric coincidence examples (King & Morgan 2007) 
 
 A district can be defined in many ways.  Usually districts can be classified by an economic 
point of view  
In the project “PolySMART” (CORDIS 2005), the most common building categories across 
the Europe were examined. These are: 
 Single family houses 
Single family houses, are residential buildings which can vary in terms of 
construction, size, and energy performance. They demand heating from the 
network usually when the occupants are present, which is on non-working hours 
(early in the morning and during the afternoon, till bedtime). Most heating systems 
are shutdown during the night or operate at lower temperature set points. 
Electrical consumption has a base load for electrical appliances such as fridge, 
refrigerator and stand-by loads, and features high peaks during occupants’ 
presence (cooking, water heating, appliances etc) 
 Multifamily houses /Block of flats 
These can be described as multi-dwelling units, with at least two floors, which are 
usually built with reinforced concrete or steel lightweight constructions. 
There are usually two types of multifamily houses.  
o Large blocks of flats, which can be found in northern Europe and are 
usually located outside the city center. They house smaller families or 
single persons, often commuter workers, which use them as second 
homes. They consist of more than 20 apartments (in some cases > 300 
apartments). 
o Small multifamily houses, which have usually 2-5 floors and are located 
in city centers but also in suburban areas. They usually house less than 
20 families and have bigger apartments, than the large blocks of flats 
mentioned above.  
Multifamily houses have more constant heat demand and electrical demand than single 
family house, due to the variety of people living, who have different habits, occupancy 
rates and therefore different demand profiles. For more information look up chapter 
4.7.1.2 . 
 Offices 
 132  Emmanouil Malliotakis - June 2016 
Offices house one or more companies and have different load profiles than 
residential houses. Offices demand more artificial lighting and have office 
equipment such as computers, servers, printers, and projectors etc which consume 
large amounts of electricity. Thus, the electrical consumption in office buildings is 
high, but the heat demand remains lower, due to the internal heat gains from these 
appliances. Moreover, the demand profiles of office buildings are high during 
working hours and very low during non-working hours. 
Office buildings are usually steel-lightweight and sometimes concrete 
constructions. 
 Hotels 
Hotel buildings are usually the largest energy consumers in the accommodation 
sector. Hotels are large constructions (usually concrete but also steel lightweight), 
and have guest rooms and some facility rooms such as restaurants, lobby, 
cafeterias etc. Hotel demand for energy depends more on holiday periods, than the 
part of the day. Hotels have more guests during holiday season, which drives the 
electrical and heat consumption higher. The hotel’s demand varies; whether it is in 
a city and is working all the year, or whether it is a seasonal hotel, which is 
operating mainly in the winter or the summer. 
 
The ratio of residential to non-residential buildings is very important for an 
interconnected micro generation district.  
A more balanced share of these two building groups, is translated to a more constant 
energy consumption during the day. A district with higher share of residential has high 
peak demands in the morning and evening and low demand during working hours.  
A higher share of non-residential, is translated to high energy demands during working 
hours. 
Due to the difference in demand patterns between the residential (single family houses 
and multifamily houses) and the non-residential (hotels and offices), in a diversified 
district, a mixed demand profile can emerge, which is smoother and opts for a more 
efficient operation of the m-chp units. The control algorithm of DEPOSIT, with the use of 
storage tanks and the peak shaving strategy, in addition to the smooth load profile can 
deliver very high primary energy savings. However, even in districts with heat demand 
profiles with concurring profiles and peaks and low values, the demand forecasting of 
Cases 2F and 3F , combined with heat storage and intelligent operating strategies can still 
provide primary energy or cost benefits. 
 
As mentioned in 3.5.2 the DEPOSIT computational tool automatically creates the layout of 
the district according to the constructions site of each building, which is specified from 
each building type’s floor space and the floor area ratio (FAR). 
For the estimation of the FAR value and since the districts were fictitious, values from the 
BauNVO were used. FAR for residential areas is less than 1 .2 and for other core areas is 
less than 3.0. For Germany the examples below were given: storey terraced houses about 
0.8, mostly detached buildings about 0.2 and predominantly apartment buildings about 
1.0 and more. (Hall 2009; Bundesministerium der Justiz und für Verbraucherschutz 1990) 
. Values in Greece for the same building times are in that range and therefore for 
homogeneity the same values are used.   
Table 14: FAR values chosen for the two proposed fictive micro-grid neighborhoods  
 SFH MFH Hotel Office 
Munich 0.2  2 2 2 
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4.7 Buildings Description 
Some of the most common building categories were mentioned in 4.6, and are present in 
the most parts of a modern city. These include single and multifamily residential buildings, 
hotels and office buildings. In the fictive micro-grid districts modelled and simulated in the 
current thesis, all these building profiles were present in a different ratio, depending on 
the neighborhood type; commercial (in Munich) or residential (in Athens). Simulations 
were performed with TRNSYS (Solar Energy Laboratory 2014), for the typical reference 
year (TNSYS-Meteonorm database) for “Athens-Hellinikon” area and “Munich” area. 
Building geometries and technical characteristics have been made available in the FC-
District EU-Project (CORDIS 2014)  and the Polysmart EU project (CORDIS 2005).  
 
4.7.1 Single Family House 
One single family house geometry is simulated and used in both districts, with two 
different insulation levels (high and low efficiency). 5 different occupancy profiles are 
simulated and used in the 2 districts. 
The single-family residential building used in the districts, is a two-storey house without 
basement, with a north – south orientation. The area of each floor is 72 m² (7,2x10m) 
(Figure 54), and the whole living area is 144 m². The Area-to-Volume ratio is 0,66. 
 On the ground floor there is a 42 m² heated and cooled area and a 30 m² area which is 
only heated and not cooled. The upper floor features a 18 m² ² heated and cooled room, 
and a 54 m² only-heated area. The roof is an inclined single-pitch roof with a 10% slope. 
The roof rises from north to south.  
  
 
Figure 54: Residential house. Ground floor (GF) and upper floor (UF) plan with 
heated and full-acclimatized areas 
4.7.1.1 Wall construction 
The building envelope (walls, floors, windows and roof) has been defined for the 
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Table 15: Area and U-values of SFH envelope 
Element Area (m2) U-value (W/m2K) 
External Walls 125.5 0.19 
Roof 79.5 0.13 
Floor 72 0.5 
Glas 42.5 0.4 
  
For more information regarding the simulation assumptions please see appendix 8.4 
 
 
4.7.1.2 User – building interaction        
              
 Users interact with buildings and can influence the energy demand profile of a building in 
various ways. Physically every person emits heat through breathing and perspiration and 
through radiation. The heat is separated into sensible and latent heat. The heat emitted by 
the occupants reduces the heating demand in the winter but increases the cooling demand 
in the summer. Consequently, the presence or the absence of a person in a room is 
considerable. Mentally a person can also affect the buildings behavior and needs. Settings 
such as the heating or cooling thermostat levels or when the heating and cooling systems 
are switched on and off are affected. Moreover, the habits of the occupant and the use of 
various appliances during the day, strongly affect the electricity demand profile but also 
the heating and cooling demand profile, because of the heat emitted by the appliances. 
Electricity used by indoor electric equipment is to a large part converted into heat and 
emitted in the room. 
In most building energy simulations and especially in the past, some common occupancy 
patterns are used. Usually it is assumed that the user spends all day at home. As a result 
the thermostat settings are during the whole day at the same setpoint (for instance at 
20°C) and the lights are on all day long if there is not enough solar radiation entering the 
room. These assumptions while usually statistically correct produce very similar amongst 
dwellings consumption patterns in terms of electricity, but also heat and cooling. Recently, 
researchers recognized the importance (especially in low efficiency buildings (Gill et al. 
2010)) of the occupant’s choices and behavior in the real energy consumption and realistic 
occupancy profiles are modelled into simulations. (Marshall et al. 2015) 
When examining the energy demand of a large area, the use of average occupancy patterns 
leads to good results. On the contrary, when a small district heating network, where 
energy is created in small scale CHP units, is planned, variations in the heat demand 
profiles and the electricity demand profiles are very important.(Richardson et al. 2008) 
This variation leads to implementing load shifting between the various buildings. If for 
example a building needs heat during working hours while another building needs heat in 
the afternoon, heat production from small CHP units could be shifted to the first building 
first and to the second building in the afternoon. 
In the current work project a small scale district heating network will be designed and 
simulated. Four types of buildings have been chosen to compose the district. The four 
types are: blocks of flats, single family houses, blocks of offices and hotels. 
In buildings of the tertiary sector such as the office-buildings or the hotels energy demand 
patterns have some typical profiles that don’t vary a lot. For example, in the office-case the 
internal gains are similar between different buildings. Moreover, because of the working 
hours being similar the heat and cooling demand profiles depend mostly on the building 
envelope.  
On the contrary, in single family houses the situation depends on the user’s age, 
occupation, family status and habits. The heat and cooling demand profile and the 
electricity demand profile is completely different for a couple in retirement and for a 
working couple. During working hours for instance the later may have the heating 
Chapter 4: Case Studies 
DEVELOPMENT OF A BUILDING AND DISTRICT SIMULATION TOOL, WITH DECENTRALIZED HEAT AND POWER 
PRODUCTION AND THERMAL ENERGY STORAGE            135 
completely turned off, while the elderly couple at the same time may have the thermostat 
at 23-24°C.  
A person living in a house could imply two different states. An active user or a passive 
user. An active occupant can be defined as a person who is not sleeping and is active in the 
dwelling. He may cook, he may watch television or he may take a shower. During these 
activities he influences the heat/cooling/electricity demand. While he is asleep, an 
occupant is a passive occupant and only interferes with the building by emitting heat and 
moisture.  There are therefore three states for an occupant. Absent, active and passive. In 
the figures following each of the profiles, the occupants and the active occupants in the 
dwelling are discretized. When the two lines overlap, all occupants are awake in the house.  
An effort has been made to compose some very typical occupancy profiles for the single 
family house.  Five different profiles have been created. These profiles are fictitious but 
rely on common sense and typical user behavior. All five profiles are met across Europe 
with small discrepancies. By simulating these 5 different occupancy profiles 5 different 
heat and cooling demand profiles have been created. 
 
 
4.7.1.3 Occupancy profiles: 
The 5 different occupancy profiles are fictive, according to some realistic scenarios and are 
described with examples. The main goal is the differentiation of the heat demand profiles 
and by no way has some statistical value regarding the presence of those profiles a city. 
4.7.1.3.1  Profile1: 2 Persons in Pension 
An interesting occupancy profile can be created for an elderly couple in retirement 
living alone at a single family house. During the week most outdoor activities take 
place in the morning. For example one of them goes shopping or does various 
outdoor activities such as going to the bank/to the doctor/to the coffeehouse/or 
taking care of the garden, while the other stays at home watching tv and caring 
about the household. It is assumed that during 8:00 and 9:59 and 11:00 and 12:59 
one occupant is at home. During lunchtime and until the early evening both are 
usually present at home. From 17:00 to 18:59 we assume that they go for a walk 
alone or with their grandchildren or visit a cultural event such as the opera.  
 
During the weekend we can speculate that both persons are mainly in their home.  
From 10:00 to 14:59 elderly people usually visit relatives or friends. All these 
speculations and assumptions can be added to create the following occupancy 
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Figure 56: Occupancy pattern for Profile 1 – Weekend’s day 
 
4.7.1.3.2 Profile2: 2 Persons working every day 
Another very usual occupancy profile is a married couple who live together. Both adults 
are working. At 8:00 they both leave the house and go to work. Usually they are away for 
10 hours at least. At 18:00 one person comes home and the other partner may do some 
shopping or other external jobs until 19:59. After 20:00 they both are at home having 
dinner or watching tv.  
At weekends a tour together at the shopping mall or in the park usually takes place from 
11:00 until 13:59. From 14:00 until 18:59 both partners are in the house having lunch, 
resting or watching television. From 19:00 to 22:59 the couple could have an evening 
walk, dinner or a drink. The occupancy profiles are depicted in Figure 57&Figure 58. 
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Figure 58: Occupancy pattern for Profile 2 - Weekend's day 
 
 
4.7.1.3.3 Profile3: 3 persons: 2 adults and 1 child / father working and mother staying 
at home. Child goes to school 
During the week the father and the child both leave the house at 8:00 to go to work 
and school respectively.  
The housewife is away from the house during 10:00 and 11:59 doing various 
activities such as shopping, going to the bank and other social undertakings. The 
child comes home at 14:00. At 17:00 the child goes out playing for two hours until 
18:59. The father comes from work at 18:00. From 19:00 all three members of the 
family are at home. 
 
During the weekend the family goes cycling, shopping, to a leisure park or the 
grandparents during 10:00 and 13:59. At 14:00 they come back home. The child 
may go out playing at 16:00 till 17:59. The whole family goes out from 19:00 to 
21:00 for dinner. (Figure 59&Figure 60) 
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Figure 60: Occupancy pattern for Profile 3 - Weekend's day 
 
 
4.7.1.3.4 Profile4: 4 Persons : 2 adults working and 2 children going to school 
During the week, every day at 8:00 all the family members leave the house and go to work 
and to school. At 17:00 one of the parents comes come after taking the children from 
school and/or after-school-activities.  At 18:00 the children go out to play and the second 
adult comes home from work or after a stop for shopping at a store. From 19:00 
everybody is in the dwelling. 
At a typical Saturday or Sunday one adult goes shopping at 10:00 until 11:59. Both 
children are outside playing from 11:00 to 12:00. From 13:00 to 17:59 all members of the 
family are outside visiting for instance grandparents or friends. From 18:00 till next day 
they all stay at home. (Figure 61&Figure 62) 
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Figure 62: Occupancy pattern for Profile 4 - Weekend's day 
 
4.7.1.3.5 Profile5: 4 Persons : 2 adults working and 2 teenagers studying and going out 
often 
At this occupancy profile, 2 young students live together with their parents. During 
the week parents leave home at 8:00 and come back from work at 18:00. The 
young students leave the house one hour later at 9:00 and are back at 16:00. 
During 20:00 and 22:59 it is assumed that one member of the family, most 
probably one of the two teenagers will go out for a movie/dinner/drink or to a 
boyfriend/girlfriend.  
 
During a weekend’s day it is speculated that one of the parents will go shopping at 
11:00 till 11:59.  From 12:00 to 13:59 the parents will go for a walk in the park or 
cycling or to the mall. It is also assumed that during the same time one of the 
teenagers is not at home, doing outside activities, such as sport. From 14:00 to 
15:59 all members of the family are in the house. From 16:00 to 17:59 one of the 
students will go out to visit a friend while the other stays home with the parents. 
At 19:00 the parents go out for dinner or for a movie /opera etc. and come back at 
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Figure 63: Occupancy pattern for Profile 5 – Weekday 
 
 
Figure 64: Occupancy pattern for Profile 5 - Weekend's day 
 
4.7.2 Multifamily House 
Data from 5 different multifamily buildings were used for the simulation cases. Simulation 
results were made available in the FC-District program (CORDIS 2014). 
 
4.7.2.1 MFH1, used in the Athens simulations 
The first multifamily house is 20 meters long and 15 meters wide and has a north-south 
orientation.  The gross floor area is 1500 m2. The building has 5 storeys with a height of 
3.6m.This model represents a large residential building in Athens, envelope class D 
according to Annex A (8.12). 
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Figure 65. Residential building shape view, MFH1 
 
Building envelope area and glazed area and U-values are shown on Table 16. 
 
 
Table 16: U-values of MFH1 envelope 
Element U-value (W/m2K) 




- Glazing is 10% of total wall area. 





4.7.2.2 MFH2, used in the Munich simulations 
The second multifamily house is 20 meters long and 15 meters wide and has a north-south 
orientation.  The gross floor area is 2100 m2. The building has 7 storeys with a height of 
3.6m. This model represents a large residential building in Munich, envelope class D 
according to Annex A (8.12). 
 
Figure 66. Residential building shape view, MFH2 
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Building envelope area and glazed area and U-values are shown on Table 17. 
 
 
Table 17: U-values of MFH2 envelope 
Element U-value (W/m2K) 




- Glazing is 10% of total wall area. 
 





4.7.2.3 MFH3, used in both Athens and Munich simulations 
The third multifamily residential building, is a small multifamily house with a total floor 
area of 800m2. It is 20m long and 8m wide and has a north-south orientation. The building 
has 5 storeys and each storey has an area of 160m2. Two small apartments of 80m2 are 
considered in each floor. 
 
 
The building is “inserted” between other buildings types, in a common building block, on 
its East and West sides (adiabatic walls). 
 
The same building geometry has been simulated for two different envelope insulation 
levels. A low efficiency building used in the Athens simulations and in the Munich 
simulations and a better insulated building simulated only for the colder Munich region. 
4.7.2.3.1 Low efficiency 
Area and U-values of the building elements in the low efficiency house are depicted in 
Table 18 
 
Table 18: Area and U-values of MFH3 low efficiency envelope 
Element Area (m2) U-value (W/m2K) 
External Walls 302.6 0.58 
Roof 160 1.26 
Floor 160 0.69 
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4.7.2.3.2 High efficiency 




Table 19: Area and U-values of MFH3 high efficiency envelope 
Element Area (m2) U-value (W/m2K) 
External Walls 302.6 0.31 
Roof 160 0.30 
Floor 160 0.29 
Windows  122.4 1.40 
 
 
For more information regarding the simulation assumptions please see appendix 8.9. 
 
4.7.2.4 MFH4, used in the Munich simulations 
This model represents a large residential building in Munich, envelope class D according 
to Annex A (8.12). 
 
Figure 67. Residential building shape view, MFH4 
 
It is 20 meters long and 12 meters wide and has a north-south orientation.  The gross floor 
area is 1440 m2. The building has 6 storeys with a height of 3.6m. Building envelope area 
and glazed area and U-values are shown on Table 20 
 
Table 20: U-values of MFH4 envelope 
Element U-value (W/m2K) 




The glazing is 10% of wall area. 
 
For more information regarding the simulation assumptions please see appendix 8.6. 
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4.7.3 Hotels 
Data for the hotel building comes from simulations of a fictitious hotel building within the 
FC-District project (CORDIS 2014). With 4 storeys of 175m2 it has a total floor area of 
700m2. It is composed of 4 different zones: common area (e.g. reception hall, corridors), 
restaurant, and kitchen and guest rooms. It has a north-south orientation.  Simulation 
results for two types of hotels were available. One high and one low efficiency building 
with the same geometry. 
 
4.7.3.1 Architectural design  
The ground floor consists of a restaurant (56 m2), the kitchen (24 m2) and the common 
area (95 m2) as it is depicted in Figure 68. 
  
 
Figure 68: Hotel ground floor layout 
 
The first, second and third floor have only guest-rooms. Each floor is 3 m high. 
The hotel is “inserted” between other buildings types, in a common building block, on its 
East and West sides (adiabatic walls). Two envelope insulation levels were simulated. A 
low efficiency hotel used in the Munich district and a high efficiency hotel used in both 
Athens and Munich districts. 
 
4.7.3.1.1 Low efficiency 
Area and U-values of the building elements in the low efficiency house are depicted in 
Table 21. 
 
Table 21: Area and U-values of low efficiency hotel building 
Element Area (m2) U-value (W/m2K) 
External Walls 224.8 0.58 
Roof 175 1.26 
Floor 175 0.69 
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4.7.3.1.2 High efficiency 




Table 22: Area and U-values of high efficiency hotel building 
Element Area (m2) U-value (W/m2K) 
External Walls 224.8 0.31 
Roof 175 0.30 
Floor 175 0.29 
Windows  195.2 1.40 
 
For more information regarding the simulation assumptions please see appendix 8.5. 
 
 
4.7.4 Offices  
Data for the Office building comes from simulations (with modifications) for the FC-
District project (CORDIS 2014) for two building geometries. Both geometries were used 
for the commercial neighborhood in Munich. The Athens residential district did not 
include Office buildings. 
4.7.4.1 Office1, used in the Munich simulations 
This model represents a large office building in Munich, envelope class D according to 
Annex A (8.12).This office building is 15 meters long and 15 meters wide.  The gross floor 
area is 1350 m2. The building has 6 storeys with a height of 4m. Envelope thermal 
properties are shown on Table 23 and other simulation parameters, such as internal gains 
etc can be found in appendix 8.10. 
 
 
Table 23 : U-values of Office 1 envelope 
Element U-value (W/m2K) 




- Glazing is 40% of total wall area. 
 
4.7.4.2 Office 2, used in the Munich simulations 
The second office building used is also a fictitious building with 3 storeys of 400m2, which 
has a total floor area of 1200m2. It is composed of 2 different zones: common area (e.g. 
common public area, bathrooms, small coffee area, staircase, elevator, pc printer room) 
and the working area (Offices, Meeting Rooms). It has a north-south orientation.  
Simulation results for two types of this office geometry were available. One high and one 
low efficiency building with the same geometry. 
 
The building is 30m long and 13.3m wide. The layout of the ground floor and first and 
second floors is depicted in Figure 69. 
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Figure 69: Office 2 Layout (Ground floor and 1st/2nd floor) 
Area and U-values of the building elements in the high efficiency house are depicted in 
Table 24. 
 
Table 24: Area and U-values of Office 2 envelope 
Element Area (m2) U-value (W/m2K) 
External Walls 196.2 0.89 
Roof 400 0.89 
Floor 400 0.89 
Windows  196.2 1.76 
- Glazing is 50% of total wall area. 
 
For more information regarding the simulation assumptions please see appendix 8.11. 
 
 
4.8 Unit selection per building type 
Each chp prime mover has its own advantages and disadvantages. Fuel cells for example 
feature slow modulation and load adaptation, due to their low ramp rate. Moreover, they 
can switch off and on only few times, which makes continuous operation through the year 
almost mandatory. Additionally their electrical efficiency degrades significantly which 
limits lifetime to ~40000h. (Fang et al. 2010).However, fuel cells require low maintenance 
and are noiseless due to the lack of moving parts. 
ICE engines on the other hand, have very good load following capacities, with very high 
ramp rates, but require shorter service intervals and high maintenance. Moreover, they 
have higher noise levels due to the moving parts. (Kuhn et al. 2008)  
Stirling engines, which are external combustion engines have lower noise level because 
the combustion is not explosive, feature low service intervals and mediocre load following 
(they usually have predetermined operating points or operate on-off). (Kuhn et al. 2008; 
EHe 2012) 
 
Each of the above mentioned technologies has different power to heat ratios. Units such as 
the Stirling units, which have high thermal outputs and low electrical outputs (i.e. low 
power to heat ratios) match the demand profiles of residential buildings which have 
higher heat demands and lower electrical demands. Cogeneration units based on 
reciprocating engines fit better to buildings with smooth heat and electrical demand 
profiles. (Alanne 2004) 
Fuel cells have a higher power to heat ratio. They are more suitable for applications with 
relatively high and constant electrical demand. New micro fuel cell units with a thermal 
output ~2,5 kW and electrical output ~1,5kW such as the FC District SOFC, can be 
installed in very high efficiency single family houses  where the power to heat ratio 
matches the ratio of electrical to thermal demand curve.  
Each technology is more suitable for some building types and not for other. Factors can be 
electrical efficiency, power to heat ratio, emissions, noise levels, serviceability, service 
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intervals, modulation, minimum output levels, how often it can be shut down etc. In the 
micro-grid model that is studied in this thesis, many of these factors don’t affect the 
decision making on which unit to install where, since the units are interconnected and 
cover the mixed heat and electricity demand of the whole neighborhood.  
 
Table 25: Technical compatibility of various m-chp types and building types. (Alanne 














- -- ++ ++ 
Row of 
houses 
+ - ++ ++ 
Block of 
flats 
+ - + + 
Office 
building 
+ - - + 
Hotels, 
Hospitals 
++ - - + 
Industrial 
building 
++ ++ -- + 
 
 
All units operate for ALL consumers in the district. Thus, it is more important to determine 
the correct overall number of units of the different types in the district, and their ratio to 
each other in order to be able to adapt and fulfil the buildings’ needs as a swarm, because 
the computational tool will dispatch them centrally. The DEPOSIT computational tool will 
help towards the optimum sizing and choosing of the cogeneration technologies. 
 However, some of the factors mentioned above still play a role in the cogeneration types 
sorting per building type. Noisy units such as the ICE units, are better suited in buildings of 
the tertiary sector, while silent units such as the SOFC’s can be better installed in the single 
family houses and the multifamily houses. 
Moreover, units which require more frequent service intervals are better suited in Offices 
and Hotels which have building managers who can be available for the service team, 
instead of having to arrange appointments with home owners at houses. 
In order to produce a practical proposition, and since each building will house some chp 
systems, the more matching systems to each building will be chosen: 
 Single family house: 1 Stirling unit per SFH house will be chosen, due to low 
noise consumption, rare service and maintenance intervals and high reliability. 
 Multi family house:  Stirling units and SOFC units 
 Office: ICE  
 Hotel: SOFC and ICE 
 
4.9 Simulations carried out 
11 Simulations have been executed with the DEPOSIT computational tool. Main purpose 
was to show the importance of district level simulation methodologies in total primary 
resources and cost savings assessments. Different situations: primary energy saving 
scenarios and cost saving scenario have been given to the software, so that the effect of an 
intelligent control tool can be shown, but also the actual savings of such a district, served 
with distributed micro-cogeneration units. 
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Goals and simulations: 
1. Assessment of primary energy savings possible in a district with m-chp units and 
storage tanks , providing heat and electricity  to the district and exporting 
electricity to the net 
2. Assessment of economic feasibility and/or economic result of a district, with 
interconnected m-chp units providing heat and electricity and also importing and 
exporting electricity from the net. 
3. Calculating the difference between primary energy savings, if the primary energy 
factor for electricity is constant or variable (According to the power generation 
mix of the electricity provider). The hourly clearance of saved primary resources is 
more accurate than a yearly balance. This difference can be shown by comparing a 
variable PEF case with a constant PEF case. 
4. Comparison of different operating strategies: Full output, heat demand following 
PEC minimization and, heat and electricity demand following cost minimization. 
Also to show the benefits from using demand forecasts and price evolution, 
compared to the static cases. 
5. Comparison of the saving potential with the proposed district concept, between 










Table 26: Glossary for simulations performed 






































2F: Case 2F  
heat following with 
PEC minimization for 
multiple timesteps 



















3F: Case 3F 
cost minimization for 
multiple timesteps 
with heat and 
electricity demand 
forecasting and next 
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Table 27 lists the simulations performed with the DEPOSIT computational tool, for the two 
fictive districts in Athens and Munich. In Figure 70 and Figure 71, a branch layout of the 
simulations is depicted, for better overview. 
 
Table 27: List of performed simulations in this thesis 
List of performed simulations 
Munich  Athens 










Figure 70: Simulation Cases and indexes for Munich  
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Figure 71: Simulation Cases and indexes for Athens 
 
4.9.1 Simulation 1 – Munich 
The simulation in Munich with DEPOSIT software, examines the potential savings of the 
m-chp units in a neighborhood in the more central/commercial part of the city, consisting 
more of buildings of the tertiary sector. These parts of a city, in western European cities, 
are close to the market center and are usually where many companies are located. They 
feature mostly Office buildings and Hotels and fewer multifamily houses, which are usually 
owned by corporations and are very often rented to people who work in the nearby 
Offices. Single family houses are rare in this kind of district. The district composition 
created for Munich is shown in Table 28. Table 29  shows the district geometry according 
to FAR values, created by the software automatically. Table 30 contains information 
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MFH3 high 800 1 800 1.4% 
Type 
1iv 
MFH3 low 800 2 1600 2.8% 
Type 
1v 
MFH4 1440 5 7200 12.7 
Type 
2a 
SFH P5  
144 
 




SFH P1  144 12 1728 3.0% 
Type 
3a 




Hotel low 700 18 12600 22.2% 
Type 
4a 




Office 2 1350 7 9450 16.7% 
 
 











District dimensions 370m x 115m 
Street Loops 12 
Block area 4000-9000m² 
Number of blocks 10 
Total Area 29000m2 
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0 0 0 0 0 1 1 19 222.3 106.3 
SOFC            
FC-District 
2.5 1.5 4 1 1 0 0 0 0 54 135 81.0 
Whispergen 
Stirling 
7.4 1.0 0 0 0 1 1 1 1 43 318.2 41.8 
   
Total 
thermal 
output (kW)  
90 15 30 44.4 133.2 229.2 133.7 - 675.5 229.1 
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4.9.2 Simulation 2 – Athens  
The neighborhood created for the Athens – simulation is a typical residential 
neighborhood with mainly single family houses and multifamily houses. This district is 
supposed to be near a commercial district; therefore there are some Hotels present. The 
composition of the district used in the Athens simulation can be found in Table 31. Table 
32 shows the district geometry according to FAR values, created by the software 
automatically. Table 33 contains information regarding the number and outputs of the 
cogeneration systems picked for the Athens simulations. 
 


















































144 50 7200 11.49% 
Type 
2a 






















District dimensions 700m x 310m 
Street Loops 19 
Block area 10600m² 
Number of blocks 17 
Total Area 217000m2 
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Table 33:  District cogeneration unit setup for Athens-Greece, Residential District 
 


















per unit type 
(kW) 
electr. output per 








0 0 0 1 9 105.3 50.4 
SOFC 
Staxera 
2.5 1.5 0 2 4 0 34 85 51.0 
Whispergen 
Stirling 
7.4 1.0 0 2 0 0 22 162.8 21.4 
   
Total thermal 
output (kW)  
0 217.8 30 105.3 - 353.1 122.7 
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5 SIMULATION RESULTS  
In this chapter the energy balance results, primary energy consumption and operating cost 
for the two examined district micro-grids is presented. The Athens and Munich 
simulations, for different operating strategies and building composition, present 
interesting results regarding the efficacy of m-CHP units, operating as a swarm. All 
operating strategies are compared with a Reference case, with normal gas boilers and 
electricity purchased from the public net.  
 
The modelling of the operation of the studied concepts is presented in Figure 72 and 
Figure 73, by the respective qualitative Sankey diagrams. 
As shown in Figure 73, heat produced by the mCHP “swarm” follows three possible 
directions: (a) to district demand; (b) to storage (if thermal overproduction occurs) ; (c) 
discarded (if the storage temperature has reached a maximum point) or (d) lost (thermal 
losses). Accordingly, the district demand is covered by three heat sources: (a) from the 
storage tanks (considering the corresponding losses); (b) from the m-CHP thermal 
production and (c) from the backup boilers. 
 
Figure 72: Sankey diagram of reference has boiler energy flows 
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Figure 73: Sankey diagram of micro-grid cases energy flows 
 
5.1 Munich 
5.1.1 Primary energy minimization simulations 
 
The fictitious district in Munich was simulated with the purpose of minimizing the 
primary energy consumption for heating the district’s buildings. Their electrical demand is 
used for the primary energy calculations and cost calculations, but does not affect 
decisions, which are, in Cases2 and 2F, based solely on PEF’s and heat demand. For each of 
the two options (constant and variable primary energy factor) ,three simulations were 
carried out: a) M.PE.C.1=M.PE.V.1*: Case1- Full thermal and electrical output with 
summer shutdown (see 3.6.2)  b) M.PE.C.2/M.PE.V.2: Intermittent m-CHP operation for 
heating primary energy minimization (see 3.6.3) for constant and variable PEF 
respectively and c) M.PE.C.2F/M.PE.V.2F: Heat demand following operation with primary 
energy minimization for multiple timesteps with help of demand forecasting (see 3.6.4) 
for constant and variable PEF respectively. 
 
*Case 1 operation is only determined by summer switch off periods, which are the same for both 
constant and variable electricity PEF. So the operation of units in case 1 is similar regardless of the 
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The constant PEF simulations, have as input a constant PEF (=2.5)  for electricity 
consumed by the district and produced by the cogeneration systems. M-CHP units follow 
the heat demand in cases M.PE.C.2 and M.PE.C.2F and cover the electrical demand of the 
district also, or export excess electricity to the public net. Imported electricity , when 
needed is also imported at the rate for private customers according to Public Power 
Corporation S.A. - Hellas 2016. In Case 2F (M.PE.C.2F/M.PE.V.2F) the neural network 
training intervals are shown in Table 35. 
Constant operation case (M.PE.C.1), operates all cogeneration units at 100% rate for the 
whole year, except for the switch off period (Table 34), which is required to avoid major 
heat dumping and excess fuel consumption, in the summertime, when the districts heat 
demand is very low. The auxiliary heating units provide heat during those periods. 
Electricity shortages or surpluses are operated as mentioned above for cases M.PE.C.2 and 
M.PE.C.2F. 
 









ICE 1/4-31/10 - 
SOFC 1/5-15/10 1/5-15/10 




Table 35: Neural network training intervals in Munich simulations   
Training hour Training data Forecasted timesteps 
336 0-336 h  337-704 h 
672 337-672 h 673-1040 h 
1008 673-1008 h 1009-1376 h 
1344 1009-1344 h 1345-1679* h 
7728 7393-7728 h 7729-8096 h 
8064 7729-8064 h 8065-8432 h 
8400 8065-8400 h 8401-8768 h 
8736 8401-8736 h 8736-8760 h 
 
 
In Figure 78 can be seen, that the full thermal and electrical output of the units (M.PE.C.1), 
to the maximum primary energy savings leads (13.8%) , despite the larger fuel 
consumption. This is mainly due to the following reasons: high electrical output and very 
high efficiency of all the units, due to their constant operation and lack of modulation and 
their high electrical output which has a high primary energy factor. 
 
Although M.PE.C.2F should provide higher PEC savings compared to M.PE.C.1, this is not 
the case here and M.PE.C.1 achieves 13.8% primary energy reduction, compared to the 
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reference case of individual gas boilers, while M.PE.C.2F achieves 12.4% and M.PE.C.2 
9.3%. Main reason for this is the tailored full operation of units in Case 1, with chosen 
summer pause times for the cogeneration units, according to the known heat demand 
curve and with a chosen number of cogeneration units to avoid much overproduction. 
However, on an actual operating scenario, this is not the case, as the heat demand curve 
strongly depends on weather and user behavior which can differ from year to year. So in 
real operation it is very unrealistic that full operation Case1 will achieve higher primary 
energy savings, despite its more stable operation. Moreover, the cogeneration units in the 
studied district were undersized, which did not enable the M.PE.C.2F to unfold its true 
potential. Besides, it must be noted that M.PE.C.2F operates the first 336h as Case2 
(M.PE.C.2), till enough data is collected to train the neural network.  However, M.PE.C.2F 
outperforms M.PE.C.2 and achieves 3.1% larger PEC savings. This is mainly achieved 
through the avoidance of backup boiler operation and exploitation of the high (2.5) PEF 
for electricity. Therefore the storage tank is utilized and 18% of the heat demand coverage 
is offset with the help of the heat buffer. This allowed the extra PEC savings, as the buffer 
was charged, when peak thermal demands were expected and units operated more and 
produced more electricity.  
 
Regarding m-CHP unit use, at a first glance, it can be seen that the M.PE.C.2F case, a higher 
total contribution of the cogeneration units achieves, compared to the full operation case 
M.PE.C.1. Main reason for this, is the summer shut-down time of the M.PE.C.1, which is 
required, as units cannot modulate. On the other hand M.PE.C.2F can individual control the 
Stirling units and can adapt to the low demand of transition and summer period better and 
does not need to operate the backup systems as much. This justifies the lower backup 
contribution in M.PE.C.2F. 
 Another important notice is the non-use of the Stirling cogeneration units in the M.PE.C.2 
(Figure 75), due to the low electrical and thermal efficiencies during a cold start. As Case 2 
examines only one timestep (1h) at a time, the use of the Stirling units is avoided. Thus, 
the efficient backup boiler is utilized more (51%), as well as the ICE and SOFC units. 
M.PE.C.2F on the other hand, examines more timesteps at once with help of the forecasting 
modules of future heat demand and chooses to operate Stirling units, despite their worse 
startup conditions. Individual control and high thermal output leads to a very high 
operation rate and 31.36% direct contribution to the thermal demand (Figure 76). 
Moreover, in Case 2F the contribution of the ICE and SOFC units is reduced in favor of the 
Stirling units, because the software tries to cover future demand more with the latter, due 
to their higher thermal efficiency which favors efficient storage tank charging for future 
hours, but especially because it can control them as individual units and better adapt to 
the demand, especially in the summer and in other periods of very low heat demand. 
 
 
Goal of the primary energy minimization simulations is not to minimize cost. Energy 
purchase costs, as well as electricity market prices are totally neglected by the operating 
control software. Thus, we can notice (Figure 77) only minimal operating cost reduction 
(3.6%/2%/3.4% for M.PE.C.2F / M.PE.C.2 / M.PE.C.1 respectively) compared to the 
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Figure 76: M.PE.C.2F system contribution to thermal demand 
 
 
Figure 77: Operating cost results - Munich (Primary Energy minimization 
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Electricity production mix is not constant throughout the year. There are periods with 
higher renewable contributions to the total energy production and periods with very low 
renewable contributions. Thus, the electricity production which is fed to the net by a 
cogeneration system, does not always replace power generation from high PE consuming 
power plants. Therefore, as mentioned in 4.1.2 the variable primary energy factor was 
used, which is calculated in the current thesis and depicted in Figure 21. 
. By using a variable PEF, more accurate primary energy savings can be calculated, as 
generation time is coupled with the actual PEF for this period and the system especially in 
Case2F can optimize its units’ control.  
 
The variable PEF cases, have a lower PEF for electricity, as the average value of Figure 21,  
is 2.33, while the constant PEF used, was 2.5. Moreover, the variation in the PEF curve 
leads to periods with high and periods with lower electrical PEF’s, where cogeneration is 
not encouraged as much. 
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Therefore primary energy consumption is lower, since the electricity demand, which is 
imported from the net, involves less primary energy. And Figure 81 revels that the 
electricity imported is significantly more than the produced. 
Savings compared to the reference case are however similar to the constant PEF cases 
(11,7% / 8,9% for cases M.PE.V.2F and M.PE.V.2 respectively ) (Figure 81).  
Nevertheless, the operation of the districts units is different, especially in M.PE.V.2F. 
 
Case 1 has the exact same operation as in M.PE.C.1, and only primary energy consumption 
values differ due to the different PEF for electricity. It will be called M.PE.V.1. 
 
Case 2 (M.PE.V.2) has an increased usage of the Stirling units (Figure 79), compared to the 
corresponding constant PEF simulation (M.PE.C.2) due to the lower PEF values during the 
first hours of the year. So the software prefers to operate the high thermal efficiency 
Stirling units, and shuts down the SOFC and ICE units when demand is low. When the PEF 
rise, it then prefers to keep the Stirling units (with their inefficient startup conditions) 
shut down and operate the ICE and SOFC units, in combination with the backup boilers. 
 
 
Figure 79: M.PE.V.2 system contribution to thermal demand 
 
In M.PE.V.2F we notice the most differences compared to the constant PEF case, M.PE.C.2F, 
due to the software trying to adapt the generation to the forecasted demand and the 
variable PEF for electricity which are known up to 34 h in advance (it is assumed they are 
calculated from the electricity market generation report for the next day). The direct 
contribution of the units is increased, while the storage contribution is less (Figure 80). 
However, the total m-CHP contribution (m-CHP+Storage) remains similar. This can be 
justified by the slightly lower PEF factors (even the peak values are below 2.5, which is the 
PEF for the constant case M.PE.C.2F). The higher PEF (in the constant case) led the 
computational tool to overproduce some heat and avoid shutting the m-CHP units down so 
often due to the more favorable circumstances. 
Here, in the variable PEF case, the expected upswings of electrical PEF, lead to limited heat 
overproductions, as the computational tool sees in the future a better potential. The heat 
buffer is charged mainly on periods, where PEF is going to decrease, which is not often due 
to the weekly PEF values. 
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Actually the weekly alteration of the primary energy factors is not an optimal case. Power 
production changes every hour and so should primary energy factors. However, only 
weekly data was available. This limits the software because it has very few chances of 
making a difference with the forecasting module. 27 PEF drops are only depicted in Figure 
21. The software takes knowledge of this drop up to 34h before. If we remove the drops 
that take place in the summertime, when the forecasting module is deactivated, less that 
10% of the yearly timesteps are available to the intelligent unit dispatch module. This 
limits the PEC minimization capability by exploiting the evolution in PEF’s due to power 
generation mix changes. 
 
The cost comparison (Figure 82) with the reference case is very similar with the constant 
PEF cases, as the computational tool ignores fuel and electricity prices in Cases 1, 2 and 2F 
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Figure 82: Operating Cost results - Munich (Primary Energy minimization 
simulation – variable PEF) 
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The district in Munich was also simulated, with the purpose of minimizing the operating 
cost for heating the district’s buildings and for covering their electrical demand. Two 
simulations were carried out: a) M.C.3: Intermittent m-CHP operation (allowing individual 
control of the m-CHP units with shutdowns and modulation) with total heating and 
electrical cost minimization (see 3.6.5) and b) M.C.3F: Intermittent m-CHP operation with 
demand forecasting for total heating and electrical cost minimization of more timesteps 
(see 3.6.6). 
The m-CHP interconnected district benefits from the high thermal efficiency of the Stirling 
units, the quick modulation and high electrical output of the ICE units and the high 
electrical efficiency of the SOFC units. A 7.8% total cost reduction is achieved in the first 
year of operation, between the Reference case and M.C.3.  The use of thermal and electrical 
demand forecasting in M.C.3F further improves the total cost savings which are 10% 
compared to the reference case. The potential savings are associated with the number of 
cogeneration systems installed. The proposed setup is clearly undersized. However, 
increasing the number of the cogeneration units increases the initial capital cost. Also, the 
potential of the forecasting module is even larger if backup heating systems have not so 
high average thermal efficiency (compared to the cogeneration systems efficiencies), or if 
more cogeneration units are used, or in cases with not very smooth heat profiles. 
Moreover, the very low electricity market price of the power market limits the capability 
of the computational tool to increase production on peak prices and use stored buffer on 
low prices. 
In Figure 83 the fuel cost, the electricity cost/revenue and the total operating cost are 
depicted. It can be seen that the fuel cost is lower for the reference case, due to the higher 
thermal efficiency of the reference boilers (75%), compared to 50% of the SOFC units and 
57% of the ICE units. Also, the thermal efficiency of the Stirling units may be higher under 
stable conditions, but during startup transition periods is significantly lower.  
 
  
Figure 83: Yearly operating cost (left) and primary energy consumption for the 
Reference and Cases 1 and 2 
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The reference case requires 351000 € for the purchase of electricity for the annual district 
demand, while m-CHP Cases M.C.3 and M.C.3F produce a part (~87000 €) of electricity 
requirement. When the electrical demand is lower than the output of the cogeneration 
units, the district does not only avoid the purchase of expensive electricity but also 
achieves a revenue from the electricity export to the public net. It must be noted that M.C.3 
and M.C.3F require electricity from the net for the following reasons: a) the peak electrical 
output of the units is low compared to the peak demand, b) during periods with very low 
heat demand, when the extra cost, of operating the m-CHP units, only to cover the 
electrical requirement, instead of buying electricity, is not worth it, the software chooses 
to import electricity and not operate the units (or operates few of them). 
 
From the results on Figure 83, it can be seen that the fuel consumption in the cogeneration 
cases is very close to that of the Reference case. However, the positive effect of displacing 
grid electricity, with its high PEF, is decisive towards providing PEC savings up to 10.1%. 
The calculation was performed by the software and as PEF for electricity the value of 2,5 
according to (Directives 2006/32/EC, 2009/28/EC,  2010/31/EC [ (European parliament 
and council, 2006), (European Parliament and Council, 2009), (European parliament and 
of the council, 2010)]) was used. For natural gas a PEF of 1.1 was used [ (BS EN 15316-4-
2:2008 ,Heating systems in buildings. Method for calculation of system energy 







Figure 84: Electricity generation per m-CHP type for M.C.3 (outside) and M.C.3F 
(inside) 
 
Figure 86  presents the contribution of various systems in the coverage of the district 
demand. The units with the higher thermal outputs (ICE and Stirling with ~220 and ~320 
kW respectively) have the leading role in the heat coverage, in both simulations M.C.3 and 
M.C.3F. Stirling units cover the most of the demand due to following reasons: They have 
higher thermal efficiency, higher thermal output than the ICE units and only two operating 
levels (on-off). Thus, the software utilizes more extensively the Stirling units to cover the 
heat demand. Moreover, the ICE units operate many hours on lower outputs, where they 
have higher thermal efficiencies than on full operation. In that way, there is room for the 
Stirling units with their high thermal outputs to operate. This is also depicted in Figure 84 
where the electrical contribution of the ICE units with 106kW capacity, is lower (39-41%), 
than the SOFC contribution (41-43% with 81kW capacity). This difference is also 
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constant though al operating levels. The low electricity generation of the Stirling units is 
justified by the low electrical efficiency of ca. 11%. 
 
5.1.2.1  Operating strategies comparison Case3 vs Case3F 
Operating strategy Case3F (M.C.3F) is a more refined version of Case 3 (M.C.3), with the 
same goal; the minimization of the heating and electricity operating cost, but with the use 
of the predicted heat and electricity requests of the district and the next day electricity 
market price to further optimize the savings. By «knowing» the future the district can 
prepare for it. M.C.3F compared to M.C.3 has even lower yearly operating cost and higher 
cogeneration system utilization in the winter season.   
Figure 79&Figure 80 presents the various percentages for covering the district heat 
demand. It must be noted that the Storage tank contribution to the demand is actually m-
CHP contribution, as only the m-CHP devices are allowed to charge the storage tank. The 
combined heat and power units manage to cover 63.7% of the demand in M.C.3, while the 
same units manage to cover 62.5% in M.C.3F. Despite the very close m-CHP coverage in 
both M.C.3 and M.C.3F cases the way the storage tank is charged and discharged 





Figure 85: Case3F operation, Demand and m-CHP outputs (up), corresponding 
electricity market price and Storage capacity (down) for M.C.3F 
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Increased contribution of Stirling units is justified by the forecasting software 
commanding high thermal efficiency units to charge the storage tanks in advance in order 
to cope with future peak thermal demands and also by the ability of the computational 
tool to “shut down” individual Stirling units in M.C.3F, so that the heat demand can be 
followed with higher precision. 
 
In Figure 85 an example of the Case3F strategy is presented. It can be seen how the 
electricity market price (SMP) evolution and the future heat and electrical demand affects 
the operation of the districts cogeneration devices. The zero electricity selling price of 
timesteps 1418h and 1420-1423h, as well as the high thermal demand of timesteps 1423-
1426h and the very low electrical demand of 1417-1423h, is anticipated. Therefore the 
computational tool charges the buffer tank, to have buffer available for the low electrical 
demand period (where cogeneration, especially with the low market price is not lucrative) 
and also for the very high heat demand period, which is above the peak thermal output of 
all the cogeneration units combined. It must be also noted that the computational tool 
does not deplete all the available storage during 1423-1427h, but instead chooses to 
operate the backup boilers together with some cogeneration units and prefers to keep the 
storage capacity for future timesteps, where worse conditions are anticipated.  
   
M.C.3F achieves higher electricity revenues, and lower fuel consumption. Despite the 
storage tank losses, the fuel consumption is lower, due avoidance of expensive unit 
startup, when it proves inefficient for future timesteps, and by a better utilization of the 
Stirling engines and their high efficiency, with the individual unit control. Moreover, the 
displacement of cogeneration at times with high electrical revenue prices, leads to the 
higher cost savings compared to M.C.3 (Figure 83).  
An advantage of Case3F strategy, as mentioned above, is the ability to act proactively and 
charge heat buffer tanks when high peak heat requests are predicted. Therefore in the 
winter period the utilization of the m-CHP units can be thereby increased and the need for 
backup is lowered. However, very few units are installed in the current district, where the 
peak heat demand is 2460kW and the maximum output of all m-CHP units is 676kW.In 
weather regions such as Munich-Germany ,the demand is relatively smooth and the on-off 
phenomenon of warmer regions is not present (heating being shut down overnight). This 
does not give the computational tool the chance to overproduce, since even at low demand 
timesteps, the units are operating at a load above 50-60% of their maximum capacity. 
Therefore, the overproduction potential is relatively limited. Case3F can achieve 
significantly higher savings, compared to Case3, in regions with large discrepancies 
between maximum and minimum thermal requests in the heating period. 
Regarding primary energy, both cases do not target primary energy minimization. The 
lower primary energy consumption of M.C.3 and M.C.3F, compared to the Reference case 
are due to the high primary energy factor of electricity compared to natural gas and the 
high total efficiencies of the m-CHP units. The optimized dispatch of units in M.C.3F targets 
to maximize cost savings only. Thus, primary energy savings can be higher or lower 
depending on the PEF for fuel compared to that of electricity. In the current simulation, 
both cases feature similar PEC, but with significant savings compared to Reference Case 
(Figure 83). 
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                          Figure 86: M.C.3 (up) and M.C.3F (down) thermal demand coverage 




5.2.1 Primary energy minimization simulations 
The fictitious district in Athens was simulated with the purpose of minimizing the primary 
energy consumption for heating the district’s buildings. Electrical demand data available, 
had very high summer peak values, due to the very high cooling demand. Therefore the 
summer part of the electrical demand was not used, so that results are more revealing on 
the cogeneration concept and not focus on the electricity import of the summertime. Two 
simulations were carried out a) A.PE.V.2: Intermittent m-CHP operation for heating 
primary energy minimization (see 3.6.3) and c) A.PE.V.2F: Heat demand following 
operation with primary energy minimization for multiple timesteps with help of demand 
forecasting (see 3.6.4). Only the variable primary energy case was simulated. The primary 
energy factors calculated in chapter 4.1.3 for Munich are used here, for better comparison 
and as data for the Greek generation mix was not available in that detail. 
 
The warmer weather in Athens leads to a larger shut-down period for the SOFC units, in 
order to avoid excessive heat dumping when no demand is present. The switch off periods 
for all simulated primary energy and cost cases are shown in Table 36.  
 









The demand profile in Athens is different than the Munich heat demand. While the period 
were the heat demand becomes very low to forecast adequately is similar, the demand in 
the autumn is minimal and only in December the heat profile is continuous and significant, 
to sufficiently train the forecasting tool. The training interval for the NARX heat prediction 
network are depicted in Table 37. 
 
Table 37: Neural network training intervals for Athens simulations 
 
 
Training hour Training data Forecasted timesteps 
336 0-336 h  337-704 h 
672 337-672 h 673-1040 h 
1008 673-1008 h 1009-1376 h 
1344 1009-1344 h 1345-1679* h 
8400 8065-8400 h 8401-8768 h 
8736 8401-8736 h 8736-8760 h 
Chapter 5: Simulation Results 
DEVELOPMENT OF A BUILDING AND DISTRICT SIMULATION TOOL, WITH DECENTRALIZED HEAT AND POWER 
PRODUCTION AND THERMAL ENERGY STORAGE            171 




At first glance, one can extract from the Athens district simulation results a much higher 
m-CHP contribution to the total demand in both cases. This is mainly because of the Greek 
weather, which has a short winter period with (relatively) high demand and during the 
rest of the winter months demand is significantly lower. So, the m-CHP contribution is 
adequate in Case2 (A.PE.V.2) (Figure 87), due to the many medium and low demand 
values (the curve of the load-duration diagram in Figure 44 is very low). In the forecasting 
case (A.PE.V.2F) the m-CHP contribution with the intelligent heat buffer use, manages to 
diminish backup use even more, to ~15%. This means that practically backup boilers are 
only needed for the high winter and the peak demand values. M-CHP contribution reaches 
in Case 2F 85%. 
 
In Case 2, the same phenomenon as in Munich is experienced. Namely: the non-use of the 
Stirling cogeneration units in the A.PE.V.2 (Figure 87), due to the low electrical and 
thermal efficiencies during a cold start. As Case 2 examines timestep, after timestep, the 
use of the Stirling units is avoided. Instead the efficient backup boiler is utilized more 
(36.69%), as well as the ICE and SOFC units. 
Case 2F (A.PE.V.2F) on the other hand (Figure 88), examines more timesteps at once with 
help of the forecasting modules of future heat demand and chooses to operate Stirling 
units despite their worse startup conditions. The possibility of individual control, the high 
thermal output of the Stirling units and the nature of the residential heat profile, which 
features periods with little demand (ie. During the night or when occupants are absent), 
enables the software to utilize them efficiently to charge the buffer tank. Moreover, the 
high thermal output of the Stirling engines and their high thermal efficiencies are the 
reason they operate many hours to cover a part of the peak winter demands. 
All these leads to a very high operation rate and 36.59% direct contribution to the thermal 
demand and significant contribution to the storage tanks. Moreover, in Case 2F the 
contribution of the ICE and SOFC units is reduced in favor of the Stirling units, because the 
computational tool tries to cover heat demand more with the latter, due to their higher 
thermal efficiency, but especially because it can control them as individual units and better 
adapt to the demand, especially in the spring and in other periods of very low heat 
demand. The ICE units’ contribution is significantly reduced in favor of the Stirling 
operation, due to the ability of the ICE units to startup and shutdown quickly, in contrast 
to the inefficient startup of the Stirling engine. Therefore the Stirling units act as base load 
coverage.  
 Additionally the high thermal efficiency of the Stirling units in conjunction with the 
relative low PEF for electricity in the German electricity mix, which features a high 
renewable part, leads the software to prefer efficient heat generation rather than electrical 
generation. Therefore Stirling units are utilized more and the AISIN ICE is operated at 
lower electrical outputs which have higher thermal efficiency (Figure 35). Thereby the ICE 
direct demand contribution drops from 34.82% in A.PE.V.2 to 13.44% in A.PE.V.2F.  
 
The SOFC contribution drops less due to the almost constant thermal and electrical 
efficiencies and their inability to shut down. Their contribution is mainly shifted to the 
Storage (Figure 88) and the direct contribution to the demand drops mainly. The overall 
SOFC heat delivery does not alter so much, as the fuel cost indicates (Figure 91); the direct 
contribution part is less, but a part of the heat delivery from the SOFC is shifted to the 
storage tank. The SOFC unit, with the very high electrical efficiency, is constantly operated 
and is preferred by the software towards the ICE, which has a high thermal output (and 
therefore is not suitable for base load coverage) and can switch on and off quickly. The ICE 
is utilized for medium and peak loads. 
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Figure 88 A.PE.V.2F system contribution to thermal demand 
 
Regarding primary energy consumption (Figure 90), the benefits of the thermal micro-
grid are translated to a 6.1% reduction of the PEC in Case2F (A.PE.V.2F) and a 4.9% 
reduction in Case2 (A.PE.V.2). While the fuel consumption is higher in both micro-grid 
cases with a fuel increase in the magnitude of 42% (A.PE.V.2F) and 56% (A.PE.V.2) 
respectively, the high PEF for electricity compared to the natural gas leads to an overall 
reduction of PEC. The produced electrical energy is first self-consumed and then delivered 
to the electricity utility and the corresponding central generation is avoided, thereby 
resulting in a negative primary energy consumption value for produced electricity. 
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Another deduction from Figure 91, is that Case2F has a lower fuel consumption than 
Case2, while in Case2 the computational tool produces more electricity. Nevertheless the 
total primary energy consumption of the Case2F is more affected by the fuel savings due to 
the high utilization of the efficient Stirling engine. If the electricity mix would have a 
higher PEF value, both cases would focus more on the electrical production and in that 
case the electrical production would play a more important role. 
 
Another conclusion from the Athens primary energy consumption results is, that the 
displacement of heat and power generation in Case2F, to periods with higher electricity 
PEF, together with the proactive unit dispatch which charges the buffer tank to minimize 
backup boiler usage, brings another 1.2% reduction on the PEC scale. The total PEC drops 
from 1.62GWh primary energy to 1.53GWh of primary energy. The reduction potential is 
low due to the weekly alteration of primary energy factors instead of an hourly alteration, 
which would come into greater agreement with the variations in the electricity mix 
generation. Consequently the computational tool has very few chances of making a 
difference with the forecasting module, due to the limited PEF changes. This limits the PEC 
minimization capability, by exploiting the evolution of the PEF, due to power generation 
mix changes. Moreover, the electrical demand of the Athens district is high, and so is the 
corresponding primary energy. This makes the relative primary energy savings lower. 
Without taking electricity into account, the relative primary energy savings of A.V.2F 
compared to the Reference case are 11%. (It must be noted that without the electrical 
demand the operation of the units is different). 
 
Athens simulation PEC results, show a small reduction in PEC, due to many reasons, such 
as the low thermal and electrical capacity of the units (26% of the maximum district 
thermal demand and 42% of the maximum electrical demand), the low demand density 
which is translated to high piping thermal losses and to the few operating hours, due to 
the warm Athens weather. 
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Figure 89: Case2F operation, Demand and m-CHP outputs (up), corresponding PEF 
and Storage capacity (down) for A.V.3F  
On Figure 89 the operation of the Case2F strategy is depicted. Following two operations 
can be distinguished. On timesteps 937-942h the computational tool knows through the 
heat demand forecast that a peak demand is anticipated on timesteps 943-948h, which is 
above the maximum capacity of the cogeneration units. Therefore the software operates 
the units at maximum capacity, charges the heat buffer, so that the backup boiler 
contribution is kept to a minimum and the storage tank is able to cover the majority of the 
demand.  The second operation can be noticed on timesteps 976-1017h. 
On timestep 976 the tool “learns” that the PEF for electricity will drop, and so current 
cogeneration is environmentally more efficient than that in the near future. Thermal and 
electrical outputs are maximized and storage tanks are charged (976-1008h). When the 
heat buffer capacity reaches it maximum limit during timestep 990, the tool simply follows 
the thermal demand for timesteps 991-992h. After the peak of 993-995h, the m-CHP units 
are dispatched again at full power, till the tanks are fully charged again (996-1000h). Then 
the m-CHP units are commanded to follow the heat demand again (1001-1008h). The 
stored buffer is depleted during timesteps 1009-1018h, where the PEF is lower and 
produced electricity, does not “value” as much as before. 
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Figure 90: PEC results - Athens (Primary Energy minimization simulation – variable 
PEF) 
 
Goal of the primary energy minimization simulations is not to minimize cost. Energy 
purchase costs, fuel costs, as well as electricity market prices are totally neglected. Thus, 
as it can be observed in Figure 91 the A.PE.V.2 and A.PE.V.2F cases feature a small increase 
in operating costs compared to the reference boiler case (7% and 4.5% respectively), 
despite the electricity sell which is compensated at the Greek next day market price 4.2.3.1 
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Figure 91: Operating cost results - Athens (Primary Energy minimization simulation 














The district in Athens was also simulated with the purpose of minimizing the operating 
cost for heating the district’s buildings and for covering their electrical demand. Two 
simulations were carried out: a) A.C.3: Intermittent m-CHP operation (allowing individual 
control of the m-CHP units with shutdowns and modulation) with total heating and 
electrical cost minimization (see 3.6.5) and b) A.C.3F: Intermittent m-CHP operation with 
demand forecasting for total heating and electrical cost minimization of more timesteps 
(see 3.6.6). 
By examining Figure 92, it is immediately noticeable that the operating cost reduction in 
the Athens district low is. Up to 5% economical savings are achieved in the operating cost, 
without taking maintenance costs and other network operating costs into account. This 
value is relatively low, due to the very few operating hours, due to the good weather in 
Athens and the many high insulated singly family buildings dispersed in a large network in 
a ~52 acre region. Therefore the system must cope with high thermal pipe losses, 
regardless of the low thermal demand. Another factor of the low economical savings, are 
the low energy market prices for selling electricity. A district with more installed 
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cogeneration systems would provide better savings, but due to the nature of the load-
duration diagram, would not be viable, as the operating hours would be very few. More 
focus on the electrical generation should be given, to further minimize electrical power 
imports. A different choice of cogeneration devices or more cogeneration devices of a 
specific type, would possible lead to better results. 
Figure 92 shows us also, that the fuel cost in the cogeneration cases A.C.3 and A.C.3F is 
significantly higher than the reference boilers fuel cost, but the district benefits from the 
revenue from selling cogenerated electricity and by sparing expensive electricity imports, 
which leads finally to a cost reduction. This is also justified by the distribution of demand 
coverage amongst the 3 unit types; we can see in both Cases 3 and 3F the high use of ICE 
and SOFC devices. The high electrical demand of the district, combined with the high 
electrical purchase price and the relatively low thermal demand, leads to a higher use of 
the cogeneration devices with higher power to heat ratio (SOFC and ICE). These both 
devices have relatively low thermal efficiencies at high operating levels (50% SOFC and 
57% ICE) and this justifies the higher fuel consumption (41% A.C.3 and 43% A.C.3F) but 





Figure 92: Yearly operating cost (left) and Primary energy consumption for the 
Reference and Cases 3 (A.C.3) and 3F (A.C.3F) in the Athens district cost 
minimization simulations 
 
From the results in Figure 92b, it can be seen again, that the fuel consumption in the 
cogeneration cases is much higher compared to the Reference case, as the primary energy 
for natural gas consumption is significantly increased. On the other hand the very low 
primary energy consumption of electricity, due to public network purchase avoidance and 
the export of electricity with its high PEF, is decisive towards providing PEC savings up to 
6%. The calculation was performed by the computational tool and as PEF for electricity 
the value of 2.5 according to (Directives 2006/32/EC, 2009/28/EC,  2010/31/EC [ 
(European parliament and council, 2006), (European Parliament and Council, 2009), 
(European parliament and of the council, 2010)]) was used. For natural gas a PEF of 1.1 
was used [ (BS EN 15316-4-2:2008 ,Heating systems in buildings. Method for calculation 
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of system energy requirements and system efficiencies. Space heating generation systems, 
heat pump systems, 2008)]. 
 
 
Figure 93: Electricity generation per m-CHP type for A.C.3 (outside) and A.C.3F 
(inside) 
 
On Figure 94, the contribution of the three cogeneration types in the coverage of the 
district demand and the electricity production is displayed. A small controversy is 
recognized; while the Stirling unit has the higher thermal output (162.8kW) it produces 
less heat to cover the direct demand of the district in both Cases 3 and 3F (18.3 and 
20.7%), which is lower than the ~24% coverage of the ICE unit with 105.3kW peak 
thermal output and on par with the ~18% thermal coverage of the SOFC unit with only 
85kW peak output. And despite the capability of the computational tool to control the 
Stirling units individually to better follow the heat demand, and the high thermal efficiency 
of the Stirling units. This emphasizes, what was mentioned above, that the electrical 
demand and its high acquisition cost, moves the strings and determines the unit dispatch 
by the software. 
 
Figure 93 emphasizes once again the high utilization of units with very high electrical 
efficiency and shows that the SOFC units, with 51kW peak electrical output (combined), 
49-51% of the electrical production achieve, while the total electrical capacity is 122.8kW. 
ICE units finish second, with 37% contribution to the power production and peak 
electrical output 50.4kW, of the 122.8kW total (of all the unit types). 
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5.2.2.1 Operating strategies comparison Case3 vs Case3F 
 
 
On Figure 94 the various percentages are depicted in how the district heat demand is 
covered. It must be noted that the Storage tank contribution to the demand is actually m-
CHP contribution, as only the m-CHP devices can charge the storage tank. The combined 
heat and power units manage to cover 66.6% of the demand in A.C.3, while the same units 
manage to cover 70.5% in A.C.3F. The first thing that can be deducted from the above 
values is, that although the ratio of the peak thermal output of all the m-CHP units to the 
peak thermal demand is only 26%, the cogeneration units manage with help of the storage 
tank in Case3F to cover 70% of the demand. This is mainly due to the load duration 
diagram shape, which has high peak values, but quickly trends towards lower values 
which are below the units’ peak capacity. Additionally, the forecast of the emerging heat 
and electrical demand in A.C.3F, helps prevent cogeneration thermal output shortages, by 
precharging the heat buffer when it is financially benefit able, so that the peak boiler 
contribution is reduced. 
 
Regarding cost reduction comparison between cases A.C.3 and A.C.3F, a 1.5% reduction in 
the operating cost of the district is experienced. The cost reduction is mainly due to the 
utilization of the knowledge of the upcoming electricity SMP’s and the demand forecasts. 
Despite the fluctuating demand of the Athens network, which gives the software the 
possibility to overproduce during times with high SMP and use heat buffer on times with 
low SMP, the cost benefit is not so high. A reason for this is the relative high electrical to 
thermal demand-ratio of the Athens district, due to the high efficiency of the single family 
houses. Therefore the peak electrical capacity of the cogeneration devices, does not par 
with the electrical demand on many timesteps, and therefore power exports to the net are 
rare. Hence, the Case3F algorithm does not have much opportunity to utilize the 
knowledge of the electrical next day SMP and to have increased earnings compared to 
Case3. The majority of the electrical production is utilized on site. 
 
However, the increased operation of Stirling units in A.C.3 compared to A.C.3F, due to the 
individual unit control of type 3 units in 3F case, and the better thermal following, in 
conjunction with the demand forecasts, manage to achieve a cost reduction improvement 
over Case3. This is achieved by charging the buffer tanks which are utilized to cover peak-
demands (or demands when the electrical SMP is low) and by the better thermal efficiency 
of the Stirling units, which is more important on low electric demand times. 
 
Regarding primary energy, both cases do not target primary energy minimization. The 
lower primary energy consumption of A.C.3 and A.C.3F (Figure 92b), compared to the 
Reference case are due to the high primary energy factor of electricity compared to 
natural gas and the high total efficiencies of the m-CHP units. The increased electrical 
output of the m-CHPs in the A.C.3F case and the slightly lower fuel consumption compared 
with A.C.3, due to the more intelligent use of units and storage tanks and the individual 
control of the Stirling units, leads to an improvement of PEC savings from 4.8% to 6%. 
However, this was not targeted by the current simulation, which aims at minimum 
operating cost.  
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6 CONCLUSIONS- FUTURE WORK 
 
6.1 General 
M-CHP units appeal as very promising solutions in terms of efficiency improvements and 
cost and primary energy reductions. However, they are not a plug and play efficiency 
improvement such as insulation. They require specific demand profiles or good operating 
strategies. The experience gained within this dissertation, lead to the conclusion that m-
CHP devices are very good at lowering the primary energy consumption and the 
environmental impact of buildings of all types and even in warm climates. This is mainly 
due to their combined very high total efficiency, which outperforms the efficiency of 
central power generation and local heat generation. An important role in this plays the 
electricity generation mix of the region. If it relies on clean energy forms, such as 
renewables, the PEF values are low and the potential primary energy savings through 
cogeneration are relatively low. On the contrary, a non-renewable public power mix, leads 
to high PEFs and savings through cogeneration concepts can reach very high values. Also, 
if the electricity generation varies significantly over time, then complex forecasting tools 
and operating strategies may be required to achieve good results, by exploiting the high 
PEF timesteps.  
Regarding operating costs, the low electricity market prices, make micro-cogeneration 
projects viable only in cold climates and in building types with many operating hours. The 
potential economic benefits are limited by expensive heat storage tanks and control 
systems.  
The concept of interconnecting buildings and m-CHP units in a network, improves the 
total efficiency of the district. The mixed district profiles are smoother, enable stable 
operation of the m-CHPs and create an ideal operating environment, close to that of a 
tertiary building with high process heat and electricity demands. Requirement for thermal 
storage drops significantly and the mixed electricity profile can absorb generation (which 
can also be exported), so that batteries are obsolete. But again in order for the investment 
to pay back, colder weather conditions or many tertiary buildings are required to 
compensate with the pipeline thermal losses and to achieve many operating hours. 
Regarding m-CHP units from a technology point of view, fuel cells with low thermal and 
electrical outputs can achieve many operating hours and very high efficiencies but their 
inability to shut-down often, makes them suitable mainly for separate buildings or for 
district setups with continuous demands. Units with a very low power to heat ratio (such 
as the Stirling here), are mostly suitable for old buildings, whose demand profile focuses 
on thermal demand. Internal Combustion Engines achieve high efficiencies and load 
adaptability. If service intervals are improved, they will be an ideal choice for many 
buildings especially for buildings with high electrical demands.  
Regarding forecasting of heat and electrical loads, it can lead to a more efficient unit 
operation and increased savings. It is the only way to go, for the future operating 
strategies, especially with the harsh conditions prevailing.  Good forecasting results, are 
feasible, but require extensive data collection for some period, or demand simulations for 
big timeframes. For transition periods such as spring and autumn, increased training data 
sets are needed, so that good linkage between thermostat behavior, weather and demand 
is achieved.  
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6.2 Simulation software 
In this thesis an computational tool was developed in the Matlab simulation environment 
with multiple purposes: a) to be able to assist in the creation and evaluation of thermal 
and electrical micro-grids in small building groups-districts, b) to calculate operating costs 
and economic viability of such district-concepts, c) evaluate the possible environmental 
benefits , d) examine different operating strategies, with different targets , e) examine and 
evaluate the performance inside the interconnected district environment of various m-
CHP systems. 
 
The NTUA-HMCS in-house code DEPOSIT, does a numerical simulation of the district, the 
piping, and its heating and/or power generation units. Calculations are done with an 
hourly timestep. It calculates the total district heat demand including the piping heat 
losses. The goal is to cover the electrical and heat needs of the district. 
 Various operating scenarios are implemented (full power, cost minimizing approach and 
heating demand-driven PEF minimizing approach). According to constrains and 
efficiencies of the cogeneration systems, to fuel prices and primary energy factors the 
optimum operating level of each unit is chosen for each timestep. Fuel and electricity 
prices can vary hourly, simulating the power market. Buffer tanks are used for storage and 
are charged/recharged following the optimum control strategy chosen by the software. 
Three different cogeneration systems can be examined and two reference systems. 
Characteristics of each system are entered in the code: Thermal/electrical efficiency 
curves, power-to-heat ratio curves and operation limitations of each unit (maximum 
thermal power modulation per time period, max-minimum thermal output, and max-
minimum electrical output). Electrical degradation is also taken into consideration for fuel 
cell units. 
 
The simulations performed showed the necessity of a global evaluation tool for the energy 
performance of district micro-grids. They also revealed how important the district 
building mixture was, how the number of the cogeneration units affected the operating 
cost and primary energy savings, the effect that the number of the storage tanks combined 
with the tank size had, on the utilization of the storage tanks. All that, has proven more 
than once that few changes in the above variables, transformed a district concept, from 
totally inefficient (with no economic or environmental gain compared to the current 
reference boiler case), to a viable project that is worth implementing. Even during the 
creation of the simulation test cases, but also after the results were extracted and written, 
the goal of the software has been made clear, as it portrayed the weaknesses and negatives 
of each setup. So, at the beginning the simulations were rerun with small modifications to 
opt for better results or for better demonstration of the problems for the reader. After the 
simulation result analysis, many changes could have been made to achieve better results 
in terms of district efficiency. This emphasized the power of the DEPOSIT computational 
tool and its help for, engineers, planners, investors, energy companies and authorities. 
It can assist engineers and planners who want to design a sustainable autonomous district, 
to simulate the operation of the district-micro grid, choose the systems and the number of 
m-CHP devices to be optimally installed, the size of the heat buffer and an operating 
strategy depending on the target. 
 
Investors who want to finance cogeneration systems in their building clusters can get an 
operating cost assessment and amortisation time of a micro-grid-concept investment, and 
can choose which buildings and units to include in the project and under what feed in 
tariffs it is profitable. 
 
Energy companies can use district simulation tools such as the DEPOSIT software to 
estimate the electricity provided to their facilities by the distributed micro generation 
sites, under real conditions, under different operating strategies and to find out which part 
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is self-consumed, so that they can assess and modify feed-in tariffs and network use costs 
accordingly. 
 
Authorities who plan energy regulations and want to establish a database of 
environmental benefits by the use of cogeneration systems in districts, can use the 
computational tool to calculate the real environmental benefits and PEC reduction of the 
operation of such a micro-grid, under various operating strategies, with hourly simulation 
and with real primary energy factors. Thereby tax reductions and feed in tariffs can be 
correctly calibrated to the actual benefit from the operation of such facilities and not by 
standardized yearly average values that do not represent the reality. 
 
6.3 Weather 
The simulation in Athens and Munich, two cities with very different climates, showed that 
in warmer regions, the operating hours of the cogeneration units are less. This limits the 
potential savings and the viability of the project, because the investment costs do not 
differ as much. Fewer cogeneration systems may be needed, but network costs and control 
modules and systems are similar. Moreover, the total heat demand per district area is 
lower, as is the heating cost. The electricity cost is similar and the high cooling electrical 
demand does not affect simulations, as it is covered by net electricity (it is not efficient to 
operate units for the current fuel costs, on electrical only basis).This means that even a 
significant cost reduction of more than 10% or 20%, is in absolute values, a low quantity, 
which won’t easily justify the installation of such systems. Only different financial 
boundaries (high feed in tariffs, tax reductions, environmental bonuses) would make the 
concept in a warm region, like Athens more appealing. 
 
On the other hand, simulations showed that in colder regions the sparse heat demands in 
the spring-summer-early autumn require frequent unit start-ups, which do not favour 
efficiency. Moreover, the fickle weather in Munich and other north-European areas, which 
imposes heating hours in the spring or in the summer, lead to piping network water 
thermal or reheating losses and costs, which do not favour district or decentralized 
heating systems with large pipeline networks.  
The above mentioned difficulties in warmer weather regions and in regions with fickle 
weather conditions and summer heating demand, dictate for a smoother heat profile with 
many operating hours per year. This leads to the district type choosing chapter which is 
analysed below. 
 
6.4 District type 
The effect of the buildings, constituting a district micro-grid, is strong on the thermal and 
electrical load profile of the total setup, which will affect the sizing of the unit groups, the 
storage tanks, the backup boiler systems and then the operation of all those systems and 
the economical or environmental outcomes. 
 
In a conventional micro-cogeneration case, one or more cogeneration devices with a heat 
buffer, are installed in the premises and operate according to different strategies, solely 
for the coverage of the thermal demand (and electrical, depending on the electricity 
financing system) of the specific building. Therefore system efficiency is limited by the size 
of the heat buffer, by the demand profile of the specific building, by the peak outputs of the 
cogeneration systems and by the load-duration diagram of the thermal demand of the 
building. Hence, there are only few buildings, that are suitable for micro-cogeneration; 
mainly from the tertiary sector, or buildings in very cold regions with high feed in tariffs. 
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In the proposed district concept, many different buildings are interconnected in a thermal 
and electrical micro-grid, together with some m-CHP units and heat buffer tanks. There is 
no priority and each system contributes for all the buildings’ demands. This smoothens 
out the thermal and electrical demand curves and prompts for more operating hours, 
fewer start-stops, more efficient operation, lower storage volumes, and fewer 
cogeneration systems.  
 
However, depending on the buildings that make up the neighborhood these effects vary. 
The mixture of different building types with different occupancy patterns and insulation 
levels is preferred, so that the smoothening effect is amplified.  
 
If only buildings of one type are preferred (Offices for example), then this district will 
require sufficient thermal power during working hours, but nothing/or very low, on non-
working hours. This would compromise the efficiency and larger buffer tanks would be 
needed. Instead a mixed district, with also residential buildings would ensure heat 
demand also on non-working hours and therefore form a district demand profile with less 
variation. 
 
Hotels and buildings of the tertiary sector with long load duration profiles are in favor of 
the concept whereas residential buildings, exhibit profiles with many peak values and 
should be coupled with other building types. This can be seen in the Athens simulations, 
where the many residential buildings lead to a highly volatile district demand with very 
high and very low values. 
 
However, the simulations in Athens have shown that under the primary energy 
minimization scope and with an intelligent operation mode with demand forecasting, a 
very high demand coverage by the m-CHP units is achieved and sufficient primary energy 
savings. For example even though the peak thermal output to peak demand ratio in Athens 
only 26% is, a ~85% m-CHP total demand coverage is achieved, with 15% of it being 
indirectly provided by the storage through proactive heat buffer charge. On the other hand 
in Munich, where the demand is flatter and smoother, the ratio is of output to demand is 
similar (29% ) but the max CHP coverage is 80% (with 11% through storage) in the 
corresponding simulation M.PE.V.2F. 
 
Another important feature of a district setup is the electrical and heat demand 
coincidence. As the word cogeneration implies, heat and power are generated 
simultaneously by the m-CHP units. If the buildings in the district together form matching 
electrical and thermal demand curves, this favors the total efficiency. But in most cases 
this is not easy to achieve and can be affected by external parameters and user behavior. 
For that cases the use of heat buffer together, with the knowledge of the electrical price 
evolution, allows for savings even when there is a time shift between the two demands. 
 
When planning a district micro-grid, if the buildings are not built yet or if it is still 
undefined, which buildings should be included, a simulation of the district concept with 
DEPOSIT combining and trying different construction categories and types, would help 
achieve the best building mix and ensure maximum efficacy of the future actual operation. 
 
6.5  Pipes losses  
Piping heat losses are an unavoidable drawback of a district heating concept, despite the 
high insulation and the fact that they are located in the soil. Simulations , especially in 
districts with low heat demand density, such as the Athens simulation, indicated that, 
underground piping thermal losses, can play a significant role in condemning a project. 
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Initial results showed, that if the pipe insulation jacket thermal conductivity was 
0.033W/mK, the thermal losses would be high enough so that the operating cost reduction 
would be almost zero. When changing the material to another manufacturer’s insulation 
with 0.025W/mK conductivity, the results were superior and the concept achieved good 
results. In the Munich area, due the very high thermal demand density, because of the 
colder weather and the high-consuming tertiary sector buildings, the pipe insulation did 
not affect the result outcome so significant. Of course results were better with the 
improved insulation, but not critical for the amortization or viability of the project.    
 
 
6.6 Cogeneration types 
Three different m-CHP technologies have been used in this thesis, an external combustion 
engine (EHE Whispergen Stirling) , an internal combustion engine (AISIN SEIKI) and a fuel 
cell (FC-District/Staxxera SOFC). Although a single model cannot fully represent a whole 
cogeneration category, as each manufacturer may implement a technology better or 
worse, some main characteristics of the technology, such as power to heat ratio, 
modulating times and ramping capability are similar. Therefore the 3 different units have 
been chosen, with the goal to examine a mix of different units and how it will behave in an 
interconnected district. The purpose was not to achieve the best combination of units for 
the maximum operating cost or primary energy reduction. 
From the simulations performed in the Munich and Athens area following deductions are 
made: 
- The SOFC units, modulate slowly and cannot be shut down often. They are mainly 
used as base load units and they modulate amongst their operating range, 
depending on the thermal demand that needs to be produced and the other 
available unit types. If the thermal demand overpowers the electrical demand, 
then other unit types with higher thermal efficiency (i.e. Stirling units) may be 
preferred and the SOFC units are ramped down. Their electrical efficiency 
degradation also affects results, as the electrical efficiency decreases but the 
thermal output increases, which alters the power to heat ratio. However, in the 
performed simulations, as only 1 year was simulated the change in the efficiencies 
was not important (but was included in the simulations). Another important 
characteristic of the SOFC is its limitation in shut-down and startup-sessions. Only 
once a year is an acceptable ‘sleep period’, to avoid unit failure, due to thermal 
stress. Therefore the ‘sleep period’ which is usually in the summer to avoid heat 
dumping, must be programmed precisely, as an early shutdown in the spring or an 
early startup after the summer cannot be undone. Thus, a district simulation 
software such as DEPOSIT coupled with sufficient consumption data or simulation 
results, together with weather data is necessary.    
- The ICE units, are good all-round performers. They modulate, startup and shut 
down quickly, can cover a variety of outputs and have high electrical outputs with 
high power to heat ratios. The AISIN cogeneration device exhibits a high thermal 
efficiency towards low output levels, which is decisive in how the computational 
tool uses them. When the thermal demand cost (or primary energy consumption 
depending on the case) is prevalent over the electricity cost, the software chooses 
to operate the AISIN-ICE units lower to achieve better thermal efficiencies and 
uses another unit type (Stirling for example) to assist with the thermal load. When 
electrical demand cost is high, the high electrical output of the ICE is exploited and 
they are operated at high operating levels, after the SOFC contribution with its 
even higher electrical efficiency is used first. The AISIN units are switched off if no 
demand is there, or if the other units are preferred. 
- The Stirling engine used in the current simulations has some specific 
characteristics, such as its inability to modulate and the restriction of operation 
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only at full capacity. Moreover, thermal procedures taking place (4.3.2), limit the 
initial efficiency of the Stirling engine and the unit consumes significant fuel 
amount during the first operating hour after a cold start with limited power and 
thermal output. Therefore, in Case2 (M.PE.C.2, M.PE.V.2 and A.PE.V.2) the Stirling 
units are only minimally used throughout the simulation, because the software 
avoids their startup, as the other units and the backup systems are more efficient 
for this hour. However, in Case2F the control does utilize them, as the operation of 
more timesteps is planned and the efficiency of the Stirling units is examined for 
the whole period; so, they are started despite their cold start characteristics.  
Another feature of the Whispergen engine (and generally the Stirling technology) 
is the high thermal efficiency and output, coupled with low electrical efficiencies 
and outputs. This fact commandeers their use by the computational tool; they are 
used often to cover a large part of the thermal demand of the district (usually the 
part after the SOFC minimum thermal output), to charge the heat buffer when the 
circumstances are more favorable, and in Cases 2F and 3F, they are also used to 
follow low thermal demands more efficiently, by shutting some of the Stirling units 
down and operating fewer of them.  
- Depending on the target and on the district, a different unit setup is required. The 
Athens simulations specifically showed, how the CHP-type operation was affected, 
when the cost was the target or when primary energy was the minimization goal. 
In the primary energy cases A.PE.V.2F and A.PE.V.2, the low electrical PEF led to a 
more heat oriented optimization, leading to high Stirling utilization and operation 
of ICE units at their high thermal efficiency operating levels. On the other hand, in 
cases A.C.3 and A.C.3F, the expensive power imports lead the software to try and 
cover as much of the electrical demand as possible and thus to utilize ICE units at 
maximum electrical efficiency and the SOFC units. Stirling contribution is much 
lower. This proves, how not all technologies are suitable for all district types and 
for all purposes and that the cogeneration type must be carefully chosen for the 
desired optimization target and the building mix. 
 
 
6.7 Operating strategy 
Two general goals were examined in the current thesis; primary energy or cost 
minimization in a district micro-grid. In order to achieve the targets, three approaches 
were investigated and programmed into the DEPOSIT software. 
- Constant operation of all the m-CHP’s at full capacity and use of heat buffers to 
shift overproduction during low thermal demand periods to peak demand periods. 
This approach can deliver very good results, if tailored to the districts demand, 
since all the units are operating stable, at the maximum outputs and efficiencies 
and do not waste fuel for start-up and shut down procedures. It has however the 
highest heat buffer losses. Moreover, in a real situation where the thermal needs of 
the district differ from year to year , due to the different weather conditions, it may 
lead to heat overproduction , above the heat buffer capacities, which will be 
discarded and will compromise PEC or cost savings. Additionally on long warm 
periods in the heating season, which will be followed by worse weather conditions 
and heat demands, the units will either be shut down, with the corresponding start 
up penalties, or will continue operating at full capacity and will dump heat. In 
constant operation strategies, careful planning and sizing of the cogeneration 
systems and of the heat buffer tanks is required. In the Munich simulations the 
constant operation provided the best results, only because DEPOSIT has been used 
iteratively to choose good combination of units, storage tank size and especially 
summer shut down periods. 
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- Primary energy consumption minimization approach is a thermal load following 
strategy, which utilizes all conventional and m-CHP systems and storage tanks, to 
minimize the consumption of primary energy for the current demand. Two options 
are programmed in the DEPOSIT software:  
o Case 2: Case2 operates only timestep after timestep to cover efficient the 
thermal demand. It manages to reduce primary energy compared to  a 
reference case with conventional boilers, despite the increased heat losses 
of the district piping network, by comparing all the unit-output 
combinations , including the backup boilers and examining the actual PEF 
for exported electricity of that timestep. Each timestep the optimal solution 
is chosen. A drawback of this method is that because only one hour is 
simulated, if the operation of a unit type is not efficient during this 
operating hour, it doesn’t examine the benefit of having this unit operating 
at the following hours. 
o Case2F: Cases2F follows the same approach, with the difference of 
examining more timesteps at once and knowing in advance the electrical 
PEF evolution, through the next day programing of public power 
production. It thereby utilizes the cogeneration units in a way to minimize 
the primary energy consumption for more than one timestep. This is 
achieved by charging buffer tanks when a PEF drop is expected, so that 
heat does not have to be produced at unfavourable moments (for 
cogeneration). Heat demand forecasts for the next timesteps help further 
optimize this approach, initiating full operation to charge buffer tanks or 
avoid unnecessary overproduction. Case 2F showed very good results in 
utilizing the m-CHP units and reduced PEC more than Case2. Moreover, it 
manages a more stable operation of the engines and achieves higher 
efficiencies.  
- Cost minimization approach is also a heat demand following strategy, which also 
takes electrical requirements into account and tries to find an optimal operation 
solution, so that the overall operating cost is minimal. Electricity demand can 
either be supplied by the net or produced by the m-CHP systems depending on 
electricity import and export prices. SMP is used in the Munich and Athens 
simulations for electricity selling price. Two operating options are programmed in 
the DEPOSIT computational tool: 
o Case3: In Case 3 , as mentioned already, the computational tool examines 
all possible system combinations during 1 hour (timestep), to achieve the 
minimum thermal and electrical coverage cost, taking into account the 
power supplier’s selling price, the fuel costs and the SMP price of the 
power market for electricity export. Case 3 achieves good operating cost 
reduction towards the reference case with separate boilers and electricity 
imports, especially in Munich. 
o Case3F: Case3F has the same target as Case3, but takes advantage of next 
day electricity market price and heat and electrical forecasts, to place 
generation at the correct times during a larger timeframe, so that 
maximum cost savings or electricity are achieved. Thermal energy is stored 
in the buffer tanks and is made available to the district at unprofitable 
timesteps. Also, the buffer tank is depleted at specific timesteps according 
to the SMP, and in order to avoid unit shut-down and restart. 
Case3F achieves even higher cost reduction results compared to the 
Reference case, than Case3. In the current simulations the improvement is 
of the order of 2% increased improvement over Case3, which however is 
affected by the limited electrical capacity of the units, the mixture of the 
used cogeneration technologies (with only some of the unit types, larger 
savings were achieved) and the demand profile of the two neighbourhoods 
Chapter 6: Conclusions- Future work 
DEVELOPMENT OF A BUILDING AND DISTRICT SIMULATION TOOL, WITH DECENTRALIZED HEAT AND POWER 
PRODUCTION AND THERMAL ENERGY STORAGE            187 
chosen (in other building combinations higher improvement was 
achieved). 
6.8 Heat buffer size 
The heat buffer is an integral part of common CHP installations, as the volatility of the 
thermal and electrical demands cannot be followed by CHP systems. In the proposed 
interconnected district, due to the difference of the load profiles of the various buildings, 
the resultant total profile is smoother and heat buffer requirements drop. Especially in 
heat following strategies, with units that can modulate to cover the demand and do not 
overproduce (Cases 2 and 3) the requirement for heat buffer, is to act mainly as thermal 
inertia within the timestep, till the units ramp up and down. Very low volume of storage is 
required or even the network water could play this role, under some circumstances.  
Cases 2F and 3F optimize unit operation for more timesteps and overproduce at some 
timesteps and under-produce at others to benefit from high SMP or PEF for exported 
electricity and utilize stored heat during worse circumstances for cogeneration. Therefore 
larger heat buffer volumes are required. However, the larger the buffer, the larger the 
possible PEF and cost savings (in cases 2F and 3F respectively), but the higher is the 
storage capital cost. The simulations have also shown that larger heat storage volumes 
allow for the undersizing of the units, but up to a limit, or there is not enough capacity to 
charge them. 
Additionally following precaution regarding storage tank size and volume was derived 
from the simulations; depending on the districts heat profile evolution, on the m-CHP 
units’ thermal output and on the SMP or PEF evolution, the correct number of tanks and 
tank volume must be chosen. If few, larger tanks are chosen and the price and demand 
profiles are such, that long periods without any heat storage, pass, then the buffer will 
always be below the return water temperature and won’t offer any energy to the network. 
When the software gives a charging command to the m-CHP, the temperature of a larger 
tank may only rise (for example from 10 to 40 degrees Celsius) and still don’t be usable for 
the district. If many hours pass till the next charge, this heat will have dissipated to the 
environment and the same procedure will be repeated, resulting to large losses and to 
opposite results than planned.  On the other hand, if too many, small buffer tanks are 
chosen, this may result in high stand by thermal losses of the tanks. This is another benefit 
of total simulation tools such as DEPOSIT, because the operation of the whole building and 
m-CHP swarm mix, can be simulated and accurate sizing of equipment such as the heat 
buffer is possible.  
 
6.9  Heat storage utilization 
While common sense, will suggest a full stored-heat utilization, as soon as it is available, 
due to the fact that it is “free”, simulations showed that this approach does not always 
yield the optimal results. Especially in the cost-driven simulations, the depleting of the 
storage tanks in few hours, can have the opposite results. The use of a large heat buffer 
reserves during a timestep, will lead to the cogeneration units shutting down, as their 
operation is more expensive than the “free” stored heat. However, during the next 
timesteps, where the cogeneration conditions (SMP price or electricity price) may be 
worse, there will be no heat buffer available and on top of that, the units will have to go 
through their start-up procedure, operating at lower efficiencies. The simulations have 
showed, that if the stored heat is used with constrains (only a part can be discharged 
according to a decision algorithm which uses forecasts and price evolution), it will be 
available for more timesteps and the total shut-down of units will be avoided. This leads to 
better results in terms of operating cost, as the heat buffer can be utilized in the future 
timesteps, with the most inefficient cogeneration circumstances.        
 188  Emmanouil Malliotakis - June 2016 
6.10 Primary energy factors 
Primary energy factors are used for the estimation of primary resources used during a 
procedure such as heating a building, or covering the electrical demand. PEF for fuels used 
for heat and power generation, are usually given by national or European legislations. But 
PEFs vary depending on the procedure for the extraction, transport and refinement of a 
fuel, or according to the generation mix for an electrical energy unit. Renewable energy 
systems (PV, wind turbines, hydroelectricity) lower the PEF for electricity towards 1 or 0 
(depending on the definition). Therefore, as the electricity production mix varies from 
hour to hour, so should its PEF. In this thesis two options were simulated with the 
DEPOSIT computational tool: a constant yearly average PEF for electricity and a weekly 
variable PEF for electricity. The variable PEF case resulted to lower PEC, as the electrical 
PEF as average value was lower (2.33), than the constant PEF (2.5) used in the constant 
PEF simulations and the electrical demand was higher than the electricity production. 
However, the savings of the cogeneration cases were also lower, as generated electricity 
replaced centrally generated electrical energy with lower PEF. Despite the lower PEF, in 
the variable PEF case, higher savings were expected in the Case2F operating strategy, as 
the computational tool should be able to benefit from the variation of the PEF. Results 
analysis showed that this was in fact the case, with the software over-generating at high 
PEF values, when PEF drops were expected. However, due to the weekly evolution of PEFs 
and not hourly (as is the timestep of the software), only less than 10% of the yearly 
timesteps are available for the Case2F strategy, a fact that hinders a saving potential. From 
this, another problem emerged. Due to the time passing between efficient timesteps for 
over-generation and inefficient ones (due to the weekly PEF evolution), the buffer tanks 
were charged again after big time intervals. This had the following effect: the heat buffer 
cooled extensively after its discharge, till the circumstances were good, for it to be charged 
again. Consequently the heat storage water temperature dropped significantly below the 
system’s return temperature and reached the basement ambient temperature, where the 
tanks were placed. So, at the next recharge a great amount of energy was lost to reheat the 
tanks up to operating temperature levels again. This lowered the savings potential of the 
operating strategy, which should benefit from the variable PEF value. Another reason for 
the limited superiority of Case2F towards Case2 , is the low primary energy consumption 
of the German electricity mix used; even the peak PEF values (in the variable PEF case) , 
were relatively low (below 2.5) and did not favour decentralized electricity generation. So, 
potential savings from electrical displacement were limited. If a “dirtier” electricity mix 
(higher PEF) or a mix with a high proportion of renewable sources, that fluctuate a lot 
(high fluctuating PEF), would have been used, results would be better, especially if the 
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6.11 Forecasting errors effects 
 
Neural networks are used in the DEPOSIT software to forecast the heat and electricity 
demand of the whole district for the next few hours, so that m-CHP output can be 
optimized according to electrical PEF evolution in Case2F, and according to the electricity 
market price (SMP)  evolution in Case 3F. The neural network’s operation works as a 
“black box” and tries to find correlations between weather parameters and chronological 
characteristics (hour of day, weekend etc) to the heat and electrical demand of the district. 
Then the network of equations formed, uses weather forecasts and time/calendar specific 
inputs to predict the future demands. The success of this process strongly depends on the 
quality of the source data and the correspondence/concurrency of the heat demand 
profiles, to the weather profiles and the calendar data. If the data does not match, if 
different weather data sets have been used, or if unknown time discrepancies are hidden 
in the data (for example one may assume 30 day months), false correlations may be found, 
or the network may find false correlations to wrong inputs. This leads to forecasting 
errors and wrong estimation of the future heat and electrical demand. 
An underestimation of the future thermal/electrical demand lead to lower 
overproductions of thermal and electrical energy , during high PEF or SMP values for 
electricity and therefore would mean operation or start-up of the m-CHP units during 
unfavourable conditions, or backup boiler operation. This reduced the savings potential.  
The overestimation of the future demand was not a significant issue, as it would only lead 
to more heat buffer charge which would eventually be used and the efficiency penalty was 
little. To sum up, demand forecasting performance was sufficient for serving the cause of 
Case2F and 3F and ensuring better cost and PEC savings, but could be better and enable 
for further results improvement. 
Forecasting errors were also one of the reasons for high heat buffer temperatures 
observed for some timesteps continuously. As mentioned already, the software in cases 2F 
and 3F may choose to overproduce heat during some timesteps which will be needed in 
future timesteps with worse financial or ecological conditions. But the future operation of 
the cogeneration units, may differ from the one planned, due to forecasting errors of the 
heat or electrical demand. For example, a low expected electrical demand, could mean that 
m-CHP units would not operate in the future and overproduction on the present timestep 
is chosen to charge buffer tanks. But the forecast under-predicted the electricity demand, 
and the m-CHP units are eventually commanded to continue operation (because the 
coverage of the electrical demand makes generation more efficient). Thus, the storage is 
not utilized as it was prescribed, but instead more heat is stored to for the next hours. 
Another reason could be, that, more info became available for the next hours and an 
increased operation was also decided during that hour, because future conditions would 
be even worse. 
 
In the current simulations, the single family house profiles were simulated by the author, 
and the tertiary building demand profiles were made available within the FC-District EU 
project. Data discrepancies and misfitting weather files, due to the different sources may 
have affected the dataset. However, the training of the NARX neural networks showed 
relatively good prediction results with R2~75-90%, but, forecasting errors were found 
often by the software. Although, values, that were obviously wrong, were neglected, this 
surely compromised the performance of the Cases 2F and 3F and led to lower savings than 
expected. This could mean that the data for the tertiary building types may have been 
simulated with different weather profiles, than the weather file used by the author for the 
residential buildings and as input for the neural network training. 
Another explanation of the not always ideal forecasting results, are the limited training 
data. Only simulations of one year were available with one set of weather records, making 
it thereby more difficult for the network to find connections between weather-time inputs 
to the thermal and electrical request. If more training data would be available for more 
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years with different weather parameters, training performance would increase, as the 
neural net would make better connections between inputs and targets. Moreover, if the 
training data for each period would contain measurement or simulation data for more 
years with different weather conditions, better network results would be produced for the 
spring-summer-early autumn period. This would give the opportunity of more operating 
hours of the forecasting tools, which now only work efficiently for less than half of the 




6.12 Electricity self-use or sell 
The DEPOSIT computational tool focuses on the thermal driven operation of the district. 
The electricity demand in Case2 and 2F is insignificant for the operation and energy 
balance and PEC results of Cases 2 and 2F, as the cogenerated electricity is supposed to 
have the same PEF as the electrical energy generated by the public net. Therefore whether 
the electricity demand of the district is considered on the simulations and whether it is 
produced by the m-CHP units does not affect the dispatch of the units and the results. On 
the other hand, in Cases 3 and 3F, electricity is purchased at the public net price for 
consumers and produced electricity can be sold at the System Marginal Price on the power 
market or at a feed in tariff. The prices differ and this enables the computational tool to 
optimize unit operation and use, but also define, how the demand should be covered (by 
imports or self-production), according to the current and future prices evolution. In the 
simulations performed the net price was always higher than the market price. Therefore 
the tool always tried to direct all the produced electrical power to the district, rather than 
exporting it at a lower price. So, expensive power imports could be avoided. This played a 
significant role in the financial viability of the project. A simulation of the Athens district 
was performed as a trial, with no electrical demand. All the generated electricity was 
exported at the SMP. The financial results were bad and the operating cost was higher 
than the reference case, due to the network losses and the low electricity export income. 
The same simulation, with electricity demand, that was mainly covered by the m-CHP 
units, due to the high electricity price led to the 6% operating cost reduction depicted in 
Figure 92. 
 
The simulation also showed, how the software differently operates the units, to minimize 
cost, when there is no electrical demand. In this simulation, with no electrical demand and 
with low SMP, the DEPOSIT mainly focused on the thermal load and therefore utilized 
more m-CHP units that have a higher thermal efficiency, such as the Stirling units or the 
ICE units at low outputs. The electrical production came second. The heat demand was 
met even on peak values, with the utilization of the storage tanks reaching high numbers. 
On the other hand, the simulation with the electrical demand (which is the one used in 
5.2.2), shows that due to the expensive electricity imports, the tool focuses on electricity 
and uses units with high electrical efficiency such as the SOFC and the ICE units more. 
Power is self-consumed and electricity imports are reduced. Storage tank usage drops to 
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6.13 Hurdles for the creation of micro grids  
Unfortunately there are still many barriers which pose as an obstacle in the realization of 
district micro grids. Although newest legislation in both US and Europe slowly supports 
distributed generation and emission reduction, there is still a long way to be covered, 
since districts such as the one proposed will become reality. The more prevalent obstacles 
are: 
1. High investment cost : 
a. Cogeneration units are still very expensive compared to standard heat 
boilers and have smaller service intervals. 
b. The district heating network and pumps that need to be installed are also 
an extra cost compared to conventional heating systems. 
c. Central control of the units for optimizing the primary energy consumption 
or the cost , requires control panels connected with each cogeneration unit, 
which can , via remote communication, alter the operating level of the unit 
and switch it on and off, according to the central computer which operates 
with the optimized algorithm. This communication, feedback and remote 
control equipment presents an increased capital cost.  
d. In order for the central dispatch of the units to function, an overview of all 
the systems and the consumers is required. The computational tool must 
know at every timestep the : 
 Thermal request from each building via its supply and return 
temperatures  
 Pipe temperatures of the heating network at different locations to 
compensate for piping losses. 
 Heat buffer availability, so that the available storage capacity for 
storing energy but also for requesting energy, can be used by the 
computational tool for operation planning of the chp units.  For this 
to be possible, temperature sensors have to be installed inside the 
heat buffer tanks and these temperature probes have to report to 
the central computer which commands the units.  
 A Meteorological station has to be installed, that will measure the 
weather parameters of the district region for each timestep, so that 
the neural network can be trained and correlate the heat and 
electrical demand to the ambient conditions and the user behavior 
(with help of time and calendar variables). The data must be 
available at every timestep to the software. Ambient temperature, 
air humidity ratio, total horizontal radiation and dew point have to 
be measured. 
 Status of the units operation. How many units are available and at 
which operating level they are currently operating. This requires 
the control panels that are mentioned above.  
 An over watch and control system of the various network valves, 
pumps, heat exchanger and bypass valves is needed to deliver the 
heat efficiently and sufficiently from the m-chp units and the buffer 
tanks to the consumers. 
All these installations and the wireless (or wired?) systems that will connect them 
constitute an additional capital and maintenance cost, to the already high investment cost 
of the cogeneration systems, pipes and the buffer tanks themselves. Thus, a good 
operating strategy such the ones suggested in this thesis, a favorable legislation regarding 
m-chp operation and primary energy savings, and/or a good feed in tariff, or good energy 
buying options in the market are essential.  
 
2. The controversy of having a heat and power generation unit in your premises, that 
however does not supply heat or power directly to your building and you do not 
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have any control over its operation may sound strange to customers, who may feel 
that they lack autonomy and that they are dependent on the administrator (central 
control) to heat their building adequately. Some users may prefer the (far more 
inefficient) option of having the cogeneration unit for themselves and being more 
autonomous. 
3. From country to country and state to state there are different business practice 
barriers (Thornton & Monroy 2011): 
 Application costs and grid connectivity costs, which negatively affect the 
amortization of the project. 
 Need for high securities by the micro grid operator for the event of 
complications.  
 The electricity company demands control over the micro grid, regarding its 
operation and when to import and export power to the grid, with the 
excuse of system reliability. This rejects the whole operation optimization 
that is presented in the current thesis, since the district operator should 
control the units in one of the suggested operating patterns to minimize 
the cost or the primary energy function of the district. The goals of the 
electricity company in most cases do not coincide with the goals of the 
district operator and the individual building owners’. 
 Long processing time of applications for distributed generation networks 
and delays which are deliberate or due to bureaucracy for the 
interconnection of the micro grid to the public net. These factors delay the 
project and do not favor investments in micro grids.  
4. Legislation barriers (Thornton & Monroy 2011) 
 In some countries/states the installation of micro grids is prohibited and 
the local power utilities, which have great influence in the state do not 
want the installation of decentralized power plants and the autonomy that 
this offers. 
 Transmission tariffs are charged for sending the electricity to the 
transmission grid. Sometimes power utilities charge 7-10% transmission 
losses, which is very high especially because the low exported electricity 
amount is usually consumed locally and does not need to travel distances 
over the transmission network.  
 In many countries environmental certificates are needed for installation of 
decentralized power generation units. The cost of these certifications and 
the extra affliction concerns the investor. 
 Counteroffers: Power utilities do not favor the creation of micro grids and 
the associated intake loss from this district and thus will often try to 
suggest electricity price discounts to discourage the micro grid creation. 
This will rise amortization times, may affect the whole planning, although 
in the most cases  the discounted tariffs may be only for a few years. This 
may transform the whole project as non-profitable in the eyes of the 
building owners, who want to participate in this new district heating and 
power system.  
 
5. Technical barriers (Thornton & Monroy 2011) 
 Many countries/states require research and certification regarding, the 
effect that this power export from the district micro grid to the public net, 
will have to the electricity network of the area. 
 For power export many power companies require expensive equipment 
for over- and under- voltage protection, for frequency protection and other 
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6.14 Future work  
The DEPOSIT district simulation and m-CHP operation computational tool developed in 
this thesis, is a useful tool for assessing the potentials of an m-CHP micro-grid, of obtaining 
an energy balance, a possible operation, the cost performance and environmental benefits 
of such an installation. Many different setups can be examined, as a simple water network 
is created automatically and different operating strategies can be simulated 
simultaneously.  
However, the potential of the DEPOSIT basic structure can be further enhanced with the 
following additions/modifications: 
o Cooling demand and trigeneration : The Athens results illustrated the low 
potential of m-CHP thermal grids in warm regions, as the low operating 
hours, limit the financial benefits and the amortization of the project. On 
the other hand the electricity demand of the Athens district in the summer 
was very high, due to the very high cooling requirements that were 
covered by electrical heat pumps (air conditioning units). Depending on 
the building type, cooling demand can be higher in warmer regions, than 
the thermal requirements. This leaves space for the examination of 
trigeneration, where the thermal output of cogeneration units could be 
used for driving adsorption or absorption heat pumps and cover the 
cooling demand of the buildings. This would significantly increase the 
operating hours of the cogeneration devices in hot regions, which would 
additionally produce electricity and export it, or use it to cover the 
electricity requirements of the district buildings. The cooling cost 
reduction and the additional electricity production could make m-CHP 
micro grids financially more appealing in hot weather. However, it must be 
examined whether the capital cost of the adsorption/absorption heat 
pumps would be returned, considering the low COP/EER values of these 
technologies compared to electrical driven compressors. But as 
technologies improve, the DEPOSIT software could benefit from the 
cooling load integration and could help examine, whether a trigeneration 
would yield satisfactory results in a district. 
o Unit operation simulation improvement: DEPOSIT currently uses thermal 
and electrical efficiency curves for all the operating levels of an m-CHP 
unit. Startup and shutdown procedures are modelled though additional 
fuel and electrical consumption, during the startup or shutdown period. 
The limited thermal output of first operating hours after a cold start, is also 
calculated with efficiency limiting factors. All these parameters are 
specified by the user, with help of measurements or manufacturer data. 
They are picked according to his judgment, for cold or warm startup, 
depending on his assessment of most possible unit operation, according to 
initial simulations with DEPOSIT, which reveal the operating pattern of the 
unit type. Improvements in this sector could include the automatic pick of 
startup parameters for the actual operation of a unit in the district (i.e. 
startup after 3 hours). For example in the present simulations the ICE units 
are used in the most timesteps and do not feature long operating breaks. 
Therefore their warm startup characteristics have been entered in the 
software. However, in the Munich case, in the spring-summer period there 
are some instances, where the ICE units aren’t used for many hours. In that 
case the cold startup factors should be used.  
Moreover, if even more accuracy would be preferred, different thermal and 
electrical efficiency curves could be entered in the software depending on 
how many hours a system was shut down previously.  
o Different optimization techniques: The operating cases in the DEPOSIT 
software have as goal the minimization of the primary energy consumption 
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or the operating cost, for the heating and electrical demand of the district. 
A future possibility could be a creation of a strategy that tries to find an 
optimum combination of those two goals, giving more weight to primary 
energy or cost, depending on the choice, but not an absolute-cost 
minimization regardless of the PEC, or the opposite.  
o Use of DEPOSIT for financial feasibility studies: The DEPOSIT software is 
capable of simulating operating costs of the m-CHP district micro-grid for 
heat and electrical demand coverage, including backup system costs and 
electricity purchase cost. Additionally, the network maintenance, operation 
and capital costs can be entered in the software. Regarding heat buffer 
tanks, initial capital cost and annual maintenance cost can also be included 
in the simulation. For the micro-cogeneration units, initial capital costs, 
unit maintenance costs, unit lifetime and yearly price drop can be given as 
information to the software , so that all the lifetime costs, even the m-CHP 
repurchase capital after their lifetime is exceeded, can be calculated. The 
backup and reference systems are considered also, as well as their 
replacement after some years. Fuel price data can be given for long time 
periods, considering inflation ratios and fuel price evolution.  
If data for all the above mentioned information is specified, then the actual 
financial performance of the district can be calculated for many years and 
its performance as an investment can be examined. The software 
automatically calculates present value cash flows.  
Detailed financial simulations for different district setups, on different 
weather conditions would be very interesting and would unveil what is the 
truth, regarding the true potential of m-CHP micro grids. 
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8.1 DEPOSIT USER MANUAL 
8.1.1 Layout
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8.1.2 Inputs required, formatting, units 
 
Whenever the user enters value in the Guided User Interface of the DEPOSIT software he 
must note the following:  
The user must only enter numerical characters in the white boxes. No symbols of any kind. 
Format: “10000.567” 
Cells that are blank or have a message written in brackets have default values, and if the 
user does not enter anything, the default values are used. 
NOTE: if the user enters a value that isn’t correct (for example forgets to erase a bracket, 
or the unit symbol, or enters the unit or percentage symbol, then his input is ignored and 
the default value is used.) 
In Pull down menus the user must always choose an option other than the text explaining 
the pull-down menu. 
In “On-Off” pull-down-menus the user must choose one of the two options. 
8.1.2.1 Building type manager:  
In the building type manager window, the number of each building type is entered. 4 
different categories can be entered to the program. This has to do with the geometrical 
differences between buildings. The buildings geometry is used for the determination of the 
heat piping length inside the buildings’ basement.  Each building type has also a dedicated 
heating pipe diameter, length and insulation in the district heating pipes.  
The program was initially designed for 1 single family house geometry and 3 commercial 
buildings geometries. However, since the internal piping contribution to the heat demand 
of the district is minimal and for buildings that are eligible for the same district-heating 
pipe types more building geometries can be entered. 
A total of 16 different heat and electricity demand profiles can be entered. They  must have 
similar geometry or district pipe types in the following pattern: 10 , 2, 2, 2. Building types 
1-10 , 11-12 , 13-15 and 15-16 , are the groups that have to include buildings with similar 
floor plan, and can be served with similar district pipes. 
In the white blanks with initial value “0” the user must specify the number of buildings 
with the same heat and electrical demand profile that are in the district. 
 
8.1.2.2 Building Geometry:  
The buildings geometry is used for the determination of the internal heating pipes, after 
the districts heat exchanger that are located in every building’s basement. These are the 
horizontal distributing pipes (pr EN 15316-2-3:2006) that deliver hot water from the 
boiler or /district heat exchanger to the buildings vertical distributing lines that reach the 
floors. 
See chapter 3.5.3.5 for detail on the calculation of the horizontal distributing pipes 
calculation. 
The buildings geometry is also used for the district layout creation. They are used for the 
calculation of the area of each building floor and together with floor space ratio for the 
calculation of the space that each buildings plot occupies. With help of this the districts 
layout is created and later on the district heating distributing lines. 
In the white blanks with the label “length and width” the user must enter the length and 
width of each building is entered in meters. 
In the white blanks with the label “floors” the number of floors for each building type is 
entered. This is only used for the calculation of the floor area of the buildings plot through 
the FAR value. 
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8.1.2.3 Cogeneration units per building type:  
In the DEPOSIT algorithm three different cogeneration technologies can be used in the 
simulated neighborhood, each having its own unique technical characteristics and 
constrains. It is assumed that all the cogeneration systems in this district are not located in 
a central spot. Each building has its’ own cogeneration units in its basement/plot , which 
nevertheless work for the whole districts’ heat demand. So it must be specified which unit 
types and how many items of this type are located in each building type. 
The user must enter in the white blanks the number of the cogeneration units of each type 
that are located in each building type (per average). NOTE: this is not a total value. These 
are the units per 1 building of this type. The total number of units arises from the 
multiplication of the number of units of 1 type in this building types multiplied by the 
number of buildings of this type in the district. Each unit is placed in the network at the 
location of a building of the corresponding type. 
 
 
8.1.2.4 District Pipes:  
Here the user enters the district heating pipe characteristics. There are 9 different pipe 
types. For more info refer to 3.5.2. 
 The Cogeneration pipes: “Cgn1, Cgn2, Cgn3”. These are the pipes that deliver water 
from the district network pipe (‘Street pipe’) that runs under the street, to the 
cogeneration unit and back from the cogeneration unit to the network.  
o Cgn1: are the pipes that are connected with units of type 1 
o Cgn2: are the pipes that are connected with units of type  
o Cgn3: are the pipes that are connected with units of type 3 
 The Building pipes: “Bui1, Bui2, Bui3, Bui4 “. These are the pipes that connect the 
district heating street loop (‘Street pipe’) to the heat exchanger in each buildings’ 
HVAC room. 
 
Bui1: pipes that are connected with units of type 1 
Bui2: pipes that are connected with units of type 2 
Bui3: pipes that are connected with units of type 3 
Bui4: pipes that are connected with units of type 4 
 
 The street pipes: “Street” 
These is the pipe type that delivers district supply and return water from the main 
loop to the buildings and cogeneration units, , left and right of this street.  
 
 The main pipes: “Main”   
These are the main district pipes. They are connected to all the street pipes and to 
the backup central heating systems. 
 
For each pipe type following input is requested from the user: 
 
 Outer radius:  The outer radius of this pipe type in (inch) (without the insulation 
layers) 
 Inner radius: The inner radius of this pipe in (inch) 
 Insulation layer 1 thickness: the thickness of the first layer of the pipe insulation 
after the pipe wall (mm). 
 Insulation layer 2 thickness: the thickness of the second layer of the pipe insulation 
after the first layer of insulation (mm).It is usually the PVC protective layer outside 
the pipes main insulation. If there is no second layer, please enter “0”. 
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 Pipe roughness: The internal roughness of a pipe in order to calculate the friction 
losses of a fluid moving through the pipe. The absolute roughness must be entered 
in (mm). 
 








































for  k  
pipe types  
Supply pipes length -  [m] GUI 
Return pipes length -  [m] GUI 
inner radius ri,k [inch] GUI 




Pipe material thermal 
conductivity 
 [W/mK] GUI 
Insulation  layer 1 
thermal conductivity 
k1,k [W/mK] GUI 
Insulation  layer 2 
thermal conductivity 
k2,k [W/mK] GUI 
Insulation layer 1 
thickness 
r1,k [cm] GUI 
Insulation layer 2 
thickness 

























inner radius ri [inch] GUI 
outer radius r0 [inch] GUI 
Pipe material thermal 
conductivity 
kp [W/mK] GUI 
Insulation  layer 1 
thermal conductivity 
k1 [W/mK] GUI 
Insulation  layer 2 
thermal conductivity 
k2 [W/mK] GUI 
Insulation layer 1 
thickness 
r1 [cm] GUI 
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length between different 
building types  
XL [m] GUI 
length between buildings 
of the same type  
Xi [m] GUI 
length from main loop to 
building i    
Yi [m] GUI 
number of buildings of 
type i  
ni [-] GUI 










length of building i Li [m] GUI 
Width of building i Bi [m] GUI 
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tf,supply [°C] GUI 
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thermal diffusivity of soil α [m2/h] GUI 
pipe installation depth d [m] GUI 
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needed for the soil 
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Ambient air temperature 
(1 hr values for the 







8.1.2.5 Primary energy factors:  
A PEF (primary energy factor) indicates the total primary energy required to 
produce one unit of a consumed specific final energy.  
In this section the primary energy factors for the various fuels used in the district 
are entered. A PEF has no units. 
 
 Backup system’s fuel: The PEF of the fuel used by the backup system is entered.  
 Ref system’s fuel : The PEF of the fuel used by the reference system is entered. The 
reference system 1 are individual heating systems in each building and the 
reference system 2 is a central heating system. In this version of DEPOSIT one fuel 
is supposed to be used by both reference systems and only one PEF is entered for 
both systems. 
 Network electricity: the primary energy factor for the network electricity mix is 
entered by the user if it is constant. 
PEF are given by the electricity supplier and are constant values that are usually included 
in energy efficiency regulations and may be constant through many years depending on 
the contribution of the various systems in the electricity production. In reality real PEF 
change all the time, because the contribution of the various electricity producing systems 
changes constantly. Photovoltaic systems produce electricity depending on the suns 
radiation and, wind turbines depending on the wind speed. Other electricity producing 
units such as steam turbines, and hydroelectric power plants are switched on and off 
during the day depending on the programming. The involvement of each generation type 
is variable through the year, through the day and even through the hour. Thus, the 
DEPOSIT algorithm allows the use of hourly variable primary energy factors. This makes 
the primary energy savings more realistic and allows the controlling algorithm to optimize 
the m-chp systems’ output and involvement to minimize the primary energy consumption. 
So the user has two choices:  
a. Enter a constant value in the blank box with the primary energy factor of 
the networks electricity to who we feed excess electricity. 
b. Leave the box empty and create an xls file containing the hourly values of 
the PEF for electricity for the public electrical network for the simulated 
timeperiod (or predicted evolution of the primary energy factor). 
The xls file must be named:  “primenergyelectricity.xls “and contain the values in 
the range “A1:A(Simulationhours)” with no header. The file must be placed in the 
DEPOSIT program folder. 
 
 Cogeneration units fuel: “Cogen1 fuel, Cogen2 fuel , Cogen3 fuel” 
The PEF for each cogeneration unit type is entered. The value is constant through 
the whole simulation period. 
 Cogen1 fuel: the primary energy factor for the fuel used by the 
cogeneration unit type 1 
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 Cogen2 fuel: the primary energy factor for the fuel used by the 
cogeneration unit type 2 
 Cogen3 fuel: the primary energy factor for the fuel used by the 
cogeneration unit type 3 
 
 
8.1.2.6 Buried Distr. Heat Pipes:  
In this section the characteristics of the district heating network are entered. 
 Installation depth: The average installation depth of the districts heating netwrok 
pipes is entered. The installation depth is measured from the surface to the 
centerline of the pipe (ASHRAE 2008). The value entered by the user must be in 
meters. It is assumed that supply and return lines are buried in the same depth, 
but not inside the same pipe insulation jacket.  
 
 Target Pressure Loss: Pressure loss per unit length or target pressure loss (TPL) is 
a design parameter used in DH pipe network design. The TPL is used to size the 
pipes in the network so that the pressure loss does not exceed a value. The value is 
the maximum pressure loss per unit length and is entered in Pascal/meter. 
(Pirouti et al. 2013) 
 Pipe material thermal conductivity: The thermal conductivity of the pipe material 
itself is entered. It is used for the calculation of the total thermal conductivity of 
the system: pipe, insulation layer 1, insulation layer 2 and soil according to 
(ASHRAE 2008). The value is entered in Watt/meter*Kelvin 
 
 Insulation layer 1 thermal conductivity: This is the first insulation level after the 
pipe.  It is used for the calculation of the total thermal conductivity of the system: 
pipe, insulation layer 1, insulation layer 2 and soil according to (ASHRAE 
2008).The value is entered in Watt/meter*Kelvin 
 
 Insulation layer 2 thermal conductivity : This is the first insulation level after the 
pipe.  It is used for the calculation of the total thermal conductivity of the system: 
pipe, insulation layer 1, insulation layer 2 and soil according to (ASHRAE 2008). 
The value is entered in Watt/meter*Kelvin 
 
 Soil thermal conductivity:  The thermal conductivity of the soil layer that is in 
contact with the heating pipes.  It is used for the calculation of the total thermal 
conductivity of the system: pipe, insulation layer 1, insulation layer 2 and soil 
according to  (ASHRAE 2008).The value is entered in Watt/meter*Kelvin 
 
 
 Soil thermal diffusivity : The thermal diffusivity of the soil is entered in  m²/h 















   
            
 
Where: 
ks  = soil thermal conductivity , W/mK 
ρs = density of soil, kg/m³ 
Chapter 8: Appendices 
DEVELOPMENT OF A BUILDING AND DISTRICT SIMULATION TOOL, WITH DECENTRALIZED HEAT AND POWER 
PRODUCTION AND THERMAL ENERGY STORAGE            213 
cs = dry soil specific heat ,  kJ/kgK  
     
cw          = specific heat of water , kJ/kgK     
  
w           = moisture content of soil, % (dry basis) 
 
 
 Supply temperature (C) : The average temperature of the heating medium (water) 
circulating in the district before it goes through the buildings heat exchangers and 
heat is drawn off. This is the output temperature of the cogeneration units.  
 
 Return water temperature (C): The average temperature of the heating medium 
(water) after heat has been removed from the heat exchangers of the buildings. 
Each return pipe segment has a different water temperature due to the different 
heat amount absorbed by each building. Here an average value is entered which is 
the temperature of the whole water volume after all the heat demand of the 
district is removed. The flow rate is variable. The supply and return temperatures 
are constant.   
 
The supply and return water temperatures are used for the calculation of the flow rate 
during each timestep and for the calculation of piping thermal losses. 
 
 Horizontal distance supply and return: This is the horizontal distance between the 
centerline of the supply and the return pipe and is used to assess the thermal 
losses of both pipes. We have heat losses from the supply pipe to the return pipe 
and some correction factors have to be used 3.5.3.3. 
 It is assumed that supply and return lines are buried in the same depth. 
 
 
8.1.2.7 Heat exchanger pressure difference  
As the district heating medium (water) travels through the heat exchanger of each 
building, cogeneration unit and storage tank, an additional pressure drop takes place due 
to the difficulty of the water passing through the heat exchanger passages.  
The pressure drop of the heat exchangers of the cogeneration systems, of the heat 
exchangers in the buildings and the storage tank is entered in this section. 
This additional pressure drop is used to calculate the total pressure loss in the district 
heating network, so that the pump power is calculated. 
 
 “Buildings”: The pressure drop in the heat exchanger of the buildings  
 “Cogen1”: The pressure drop of the heating medium for passing through the 
Cogeneration 1 units 
 “Cogen2”: The pressure drop of the heating medium for passing through the 
Cogeneration 2 units 
 “Cogen3”: The pressure drop of the heating medium for passing through the 
Cogeneration 3 units 
 “Storage”: Pressure drop for the storage tanks is not implemented in the current 
version of DEPOSIT 
 
8.1.2.8 District heating water  
In this section the user enters the characteristics of the heating medium that flows through 
the district pipes and transfers heat amongst heat production, heat consumption and heat 
storage. 
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“Density”: the density of the heating medium is entered in kg/m3 
“Viscosity”: the dynamic viscosity of the heating medium is entered in Pa s or N s/m2 
The dynamic (shear) viscosity of a fluid expresses its resistance to shearing flows, where 
adjacent layers move parallel to each other with different speeds. 
 
8.1.2.9 Distribution pipes in large buildings (buildings 2,3,4) 
This section refers to the characteristics of the horizontal distribution pipes in the large 
buildings’ basement, which are after the buildings heat exchanger with the district and 
transfer water to the vertical distribution pipes to the floors. Large buildings are buildings 
of type 2, 3 and 4. 
 Outer radius:  The outer radius of this pipe type in (inch) 
 Inner radius: The inner radius of this pipe in (inch) 
 Insulation layer 1 thickness: the thickness of the first layer of the pipe insulation 
after the pipe wall (mm) . 
 Insulation layer 2 thickness: the thickness of the second layer of the pipe insulation 
after the first layer of insulation (mm).It is usually the pvc protective layer outside 
the pipes main insulation. If there is no second layer, please enter “0”. 
 Pipe material thermal conductivity: The thermal conductivity of the pipe material 
itself is entered. It is used for the calculation of the total thermal conductivity of 
the system: pipe, insulation layer 1, insulation layer 2 and soil according to 
(ASHRAE 2008). The value is entered in Watt/meter*Kelvin 
 
 Insulation layer 1 thermal conductivity: This is the first insulation level after the 
pipe.  It is used for the calculation of the total thermal conductivity of the system: 
pipe, insulation layer 1, insulation layer 2 and soil according to (ASHRAE 
2008).The value is entered in Watt/meter*Kelvin 
 
 Insulation layer 2 thermal conductivity : This is the first insulation level after the 
pipe.  It is used for the calculation of the total thermal conductivity of the system: 
pipe, insulation layer 1, insulation layer 2 and soil according to (ASHRAE 2008). 
The value is entered in Watt/meter*Kelvin 
 
8.1.2.10 Distribution pipes in small buildings (Buildings type 1) 
This section refers to the characteristics of the horizontal distribution pipes in the small 
buildings’ basement that are after the buildings heat exchanger with the district and 
transfer water to the vertical distribution pipes to the floors. Small buildings are buildings 
of type 1 and are usually single family houses: 
Outer radius:  The outer radius of this pipe type in (inch) 
 Inner radius: The inner radius of this pipe in (inch) 
 Insulation layer 1 thickness: the thickness of the first layer of the pipe insulation 
after the pipe wall (mm) . 
 Insulation layer 2 thickness: the thickness of the second layer of the pipe insulation 
after the first layer of insulation (mm).It is usually the pvc protective layer outside 
the pipes main insulation. If there is no second layer, please enter “0”. 
 Pipe material thermal conductivity: The thermal conductivity of the pipe material 
itself is entered. It is used for the calculation of the total thermal conductivity of 
the system: pipe, insulation layer 1, insulation layer 2 and soil according to 
(ASHRAE 2008). The value is entered in Watt/meter*Kelvin 
 
 Insulation layer 1 thermal conductivity: This is the first insulation level after the 
pipe.  It is used for the calculation of the total thermal conductivity of the system: 
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pipe, insulation layer 1, insulation layer 2 and soil according to (ASHRAE 
2008).The value is entered in Watt/meter*Kelvin 
 
 Insulation layer 2 thermal conductivity : This is the first insulation level after the 
pipe.  It is used for the calculation of the total thermal conductivity of the system: 
pipe, insulation layer 1, insulation layer 2 and soil according to (ASHRAE 2008). 
The value is entered in Watt/meter*Kelvin 
 
The calculations of the piping heat losses for the horizontal distribution lines are only a 
very small fraction of the total pipe heat losses and an even smaller fraction of the total 
district demand. So even if buildings that do not have totally similar piping characteristics 
are entered in the same group, the difference to the results will be negligible. For example 
in the present simulation for Munich, single family houses have been entered in as type 2 
which corresponds to the larger building group (together with the hotels and offices), 
because this gave us the option of entering the multifamily houses in the Type 1 , where up 
to 10 demand profiles can be entered. So, all four profiles for multifamily buildings could 
be used. 
8.1.2.11 Cogeneration cost 
 
 “Unit price”: The capital cost in EUR for purchasing 1 unit of this type (1, 2 or 3) 
 “Yearly maintain. cost”: The annual maintenance cost in EURof one unit of this type 
(1, 2 or 3) 
 Internal rate of return: internal rate of return (IRR) or economic rate of return 
(ERR) or discounted cash flow rate of return (DCFROR), is a rate of return used in 
capital budgeting to measure and compare the profitability of investments. (Main 
2002). It is entered as a percentage by the user without the percentage symbol. 
 
 
8.1.2.12 Fuel Prices 
The fuel prices are used for operating Case3 and Case3F, which examine a cost driven 
operation of the m-chp units with the scope to minimize the cost for covering the units’ 
thermal and electrical demand. 
The user can either supply the starting price of each fuel type and an increasing 
percentage or create a file with the hourly values of the fuel prices during the whole 
simulation period. See chapter 8.2.6. 
For each energy type the starting price and the yearly increase rate is requested from the 
user. 
“Start Price”: the initial fuel or electricity price for 1 unit (liter or m3) of fuel. (IMPORTANT 
notice: the same unit (kWh per liter or m3) must be later used in section Cogeneration and 
Reference and Backup system in the heating value blanks). The price must be entered in 
EURO. 
“Incr. Rate”: the yearly increase rate of the price of the fuel.  The price of the 
fuel/electricity is supposed to increase linear through the year achieving at the end of the 
year the yearly growth rate that the user has specified. The increase rate must be entered 
in percent without the “%” symbol. 
The electricity price and increase rate refer to the electricity exported to the public net. 
8.1.2.13 Reference and backup systems 
In this section technical information, cost and fuel parameters about the reference and 
backup heating systems in the district are entered.  
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 “Reference Scenario 1 Boiler efficiency”: In Reference scenario 1, a central heating 
system covers the whole districts’ heat demand. Here the mean yearly thermal 
efficiency of the central heating system is entered. Efficiency is given in percentage 
and is calculated with the Lower Heating Value. The percentage symbol is not 
entered.  
 
 “Reference Scenario 2 Average thermal efficiency of separate boilers”: In Reference 
scenario 2, each building has its own heating system. There is no network. No 
connection between buildings. Typical scenario where everyone heats its own 
building. The same system and fuel is assumed to be used by all heat generation 
units in the district. An average yearly efficiency value for all the boilers in the 
district must be entered.  
 
NOTE: The reference heating systems are only used to compare the cogeneration 
district with a typical reference case. Thus, the operation of the reference boilers is 
not simulated. The efficiency values are used for determining total fuel 
consumption, cost and primary energy. Consequently, yearly average efficiency 
values must be entered and not at ideal continuous operating conditions, as 
manufactures often label their products. 
 “Heating Value of fuel in Ref. Scenarios”: The Lower Heating Value (LHV) of the fuel 
used by the Central boiler in reference scenario 1 and the distributed boilers in 
Reference scenario 2. The same fuel is assumed to be used for both scenarios, for 
ease. The user must enter the heating value in kWh/m3 of natural gas or kWh/l gas 
or oil. The unit that is used here (Liter or m3) is the unit in which the fuel 
consumption will be calculated and shown after the simulation. Moreover, the cost 
of the fuel, entered by the user, must be for the same units (Liter or m3 
respectively). 
 “Heating value of fuel of Backup boiler”: If the cogeneration systems and the 
storage tanks, cannot cover the districts’ heat demand, or if the operation of the 
cogeneration units is not worthwhile, the backup conventional fuel central heating 
system covers the rest-demand. Here the Lower Heating Value (LHV) of the fuel 
used by this backup heating system must be entered. The user must enter the 
heating value in kWh/m3 of natural gas or kWh/l gas or oil. The unit that is used 
here (Liter or m3) is the unit in which the fuel consumption will be calculated and 
shown after the simulation. Moreover, the cost of the fuel, entered by the user, 
must be for the same units (Liter or m3 respectively). 
 “Backup heating system eff. (Cogeneration scenario)”: The average yearly 
efficiency value (based on the Lower Heating Value) must be entered for the 
backup heating system of the cogeneration scenarios.  
NOTE: The operation of the backup heating system is not simulated. The efficiency 
values are used for determining fuel consumption, cost and primary energy. Thus, 
yearly average efficiency values must be entered and not at ideal continuous 
operating conditions, as manufactures often label their products. 
 
 “District heating maint. Cost of backup boiler”: The annual maintenance cost of the 
backup heating system or systems must be entered as total. If individual backup 
systems are used, the added cost must be entered here. The cost unit is EURO. This 
maintenance cost is used only in simulation cases 3 and 3F , and is added once a 
year to the cost function , in order to assess the true cost of the operation of the 
district.   
 “Network maint. Cost”: The annual maintenance cost of the districts heating 
network per length unit (m) is entered. This maintenance cost is added at the end 
of each year. The cost must be entered in (EUR per meter) of district network. 
Depending on the calculated or entered length of the network the yearly 
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maintenance cost is calculated via multiplication and is added to the cost function 
once a year. 
 “Maint. cost small boiler (Reference scenario 2)”: The annual maintenance cost of 
the boilers of Reference scenario 2 , serving the small buildings (type 1) with hot 
water. (The cost unit is EURO per unit per year). This maintenance cost is used 
only in simulation cases 3 and 3nn , and is added once a year to the cost function , 
in order to compare the cogeneration scenario cost with the reference cost of the 
coverage of the districts heat demand via individual small boilers.    
 “Maint. cost large boiler (Reference scenario 2)”: The annual maintenance cost of 
the boilers of Reference scenario 2 , serving the large buildings (type 2,3,4) with 
hot water. (The cost unit is EURO per unit per year). This maintenance cost is used 
only in simulation cases 3 and 3nn , and is added once a year to the cost function , 
in order to compare the cogeneration scenario cost with the reference cost of the 
coverage of the districts heat demand via a central district heating boiler.    
 “Capital cost small boiler (Reference scenario 2)”: The initial capital cost for the 
purchase of 1 regular boiler unit (reference scenario 2:individual typical boilers). 
This cost is added to the cost of the reference scenario 2, only at the beginning (1st 
timestep). It refers only to the boiler covering the heat demand of small buildings 
(type 1). The total cost of the small boilers emerges after multiplication of the cost 
of 1 individual unit with the number of buildings of type 1. It is assumed in this 
Reference scenario 2, that each building has its own heat producing unit. The value 
must be in EURO per unit. Boiler cost is not implemented in the current version of 
DEPOSIT. 
 
 “Capital cost large boiler (Scen2)”: The initial capital cost for the purchase of 1 
regular boiler unit (reference scenario 2:individual typical boilers). This cost is 
added to the cost of the reference scenario 2, only at the beginning (1st timestep) . 
It refers only to the boiler covering the heat demand of large buildings (type 2,3,4). 
The total cost of the small boilers emerges after multiplication of the cost of 1 
individual unit with the number of buildings of type 1. It is assumed in this 
Reference scenario 2, that each building has its own heat producing unit. The value 
must be in EURO  per unit. Boiler cost is not implemented in the current version of 
DEPOSIT. 
  “Lifetime of new boilers”: The expected average lifetime of the reference heating 
systems including large and small boilers, central and backup boilers. It is used to 
calculate the capital cost for purchasing new units when they need replacing due 
to exceeding their lifetime. It is used to assess the real cost of the district in the 
cogeneration and reference scenarios. Boiler lifetime is not implemented in the 
current version of DEPOSIT. 
  “Lifetime of existing boilers”: The expected average lifetime of the EXISTING 
reference heating systems at the beginning of the simulation, including large and 
small boilers, central and backup boilers. . It is used to calculate the capital cost for 
purchasing new units after the current batch needs replacing due to exceeding its 
lifetime. It is used to assess the real cost of the district in the cogeneration and 
reference scenarios. Boiler lifetime is not implemented in the current version of 
DEPOSIT. 
 
NOTE: It is assumed, that at the beginning of the simulation, the district has some 
existing heating systems (that will be used as reference) so that it can be evaluated 
what the benefit from the m-chp  district concept will be in terms of primary 
energy and cost reduction. Thus, at the beginning in the reference case there is an 
existing heating system which will have to be replaced after some years. If we 
assume it tis relatively old, it would have to be replaced sooner. This would lead to 
the resupply with new boilers after some years, which would be calculated as 
capital cost. This would change the economic outcome of the simulation, since it 
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would make the m-chp concept more attractive, as the new m-chp units will 




8.1.2.14 Cogen Simulation Info 
In the DEPOSIT simulation program up to 3 different cogeneration systems can be 
simulated in a district. Depending on the input file that the user has specified for this unit 
with the thermal and electrical efficiency curves, depending on the operating instuctions 
of the manufacturer, or on the choice of the user, following parameters must be specified:  
 
 “Modulation step”: The step at which the cogeneration units of this type can 
modulate their thermal output. In conjunction with the minimum thermal output 
of this unit type the algorithm makes defines the available modulation steps. For 
example, with minimum operating level: 40% and modulation step 10: the 
possible modulation steps of this unit are the following 7: 40-50-60-70-80-90-
100% operation. 
NOTE: Choosing a larger modulation step, speeds up the calculation, but reduces the detail 
and sensitivity of the simulation, because the units cannot operate in the steps between. It 
is like a coarse mesh, compared to a fine mesh in cfd simulations. For example in the above 
example, if the modulation step was 20, the possible operation steps of this unit type, in 
the simulation, would be 40,60,80,100%. 
NOTE: The pull-down menu with the modulation step must be used and a modulation step 
must be chosen. There is no default value. 
If the unit can operate at specific fixed outputs, or if there is specification data only for 
selected intervals available, then the operating intervals are calculated from the efficiency 
input file for this unit type. In this case the option 99999 must be chosen from the drop 
down menu. 
 
“Shutdowns/24h”: The user must specify the allowed number of switch-offs per day. Some 
cogeneration technologies suffer from thermal cycling and often shut-down and startups. 
Thus, a limit is set, which will not allow units to shut down more frequently through a day. 
The values can range from 0 (the unit cannot shutdown at all , ALTHOUGH this should 
preferably specified  with a minimum part load in the Cogeneration 1,2&3 sections) , to 12 
(the unit can shut down every second hour, because the other hour it must startup. ) 
 
8.1.2.15 Cogen1&2&3 Info 
As mentioned before, three different cogeneration systems can be simulated in the district, 
with the DEPOSIT program. Each can have its unique technical characteristics and 
constrains.  
 “Max Voltage output”: In Fuel cells the operating (cell) voltage is entered. It is used 
to calculate the electrical voltage degradation. In other cogeneration types the 
voltage output of the unit’s electrical generator is entered. Input in mV. 
 “Min part load”: Depending on the technology, a micro-chp type may have a 
specific turndown ratio. This means that it cannot operate below an operating 
level. Some typical limits for fuel cells are a minimum operating percentage of 20-
40%. The user must enter the minimum operating percentage of this unit type 
without the “%” symbol. 
 
NOTE: Take care that the min partial load is in agreement with the modulation 
step in the 8.1.2.14 section. For example if you choose the modulation step 20, you 
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cannot choose a minimum operating level 50%. Because then the possible 
operation steps will be 50, 70, 90% . 
Also regardless of the minimum operating interval, if a summer shut-down is 
specified, then the unit will shut-down for the specified period. 
 
 “Max electr. Output:” The maximum electrical output of the m-chp units of this 
type, at 100% operating level in Watt. 
 “Ramp Rate (el.)”: Most cogeneration technologies have limitations in how fast 
they can change their output from the minimum to the maximum, or between a 
lower to a higher operating level. In some technologies the limitations are not 
technical but have to be set, in order to protect the units from fast voltage 
degradation. Thus, the user must enter a maximum modulation rate in Watts/min.  
 “Rampdown Rate”:  Rampdown rate is the rate at which the unit shut down, or 
modulate their output from a higher output to a lower. Usually this ramp down 
rate is given in thermal output difference per time unit. The user must enter this in 
Watts thermal per min. If the ramp down rate is the same as the ramp up rate, then 
the ramp rate entered in the above field, can be entered after divided with the 
power to heat ratio. 
 Startup: The initial phase after the unit was given the command to start its 
operation, till the electrical production begins at normal operating levels. This 
phase is usually not expressed in the thermal and electrical efficiency data which is 
usually given for the “Normal” operation of the unit. 
o  “fuel”: During startup, especially after a cold start, the unit have a startup 
phase during which they consume fuel without producing electricity. The 
fuel consumed during this startup phase is referred to as “startup fuel”. It is 
added to the fuel consumption, and is mainly utilized if the user supplied 
thermal and electrical curve, does not provide sufficient information about 
the low operating levels, till the unit reaches its normal operation. In order 
to correct the calculation and take account for that extra fuel consumed 
before producing heat, this value must be filled out in kWh. If the efficiency 
curve that the user specified does cover all the operating stages and the 
startup, then the startup fuel must be set to 0. 
o “electr.”: The electricity consumed during the startup phase of the 
cogeneration units. Till the unit reaches stable operation after a startup it 
consumes some electrical energy for, burners, or fans, and electronics, 
without producing any electricity. This extra electrical energy is set by the 
user in this blank in kWh. If during the startup time, the unit produces 
some electricity, a negative value can be entered sothat the produced 
electricity is taken into account in the balance. 
o “time”: The time of warm up till the unit starts to produce electricity at 
normal operating level (in minutes).  
Units that are entered in type 3 and which can switch off individually, are operated in 
sequence, in order to avoid thermal cycling (repeated on-off switching). Thus, it must be 
assumed that they will most possible operate after a “cold start”. Thus, startup times and 
electricity and fuel, must be entered for a cold start. For units that are entered in types 1 
and 2 and since they are controlled and modulated as groups, the possibility of a cold start 
of more than an hour is very low. Subsequently warm start characteristics should be used.. 
 “Degradation”: The  maximum  power  output  and  nominal  voltage  of  a  fuel  cell 
decreases  over  its  operating  lifetime,  due  to  reduced  catalytic  activity  and  
increased  cell resistance(Gemmen & Johnson 2006). Also other cogeneration 
systems have degradation over the time due to fouling of heat exchangers physical 
wear etc. The user can enter an electrical degradation rate in mV per 1000h.  
In chapter 4.3.1 you can see details on how the electrical degradation affects the 
thermal output of fuel cell units and how this was implemented in the code. 
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 “Lifetime Cogen1”: The expected lifetime of the cogeneration systems of each type. 
If the expected lifetime is smaller than the simulation –time , new units will be 
purchased at that timestep. It is used to calculate the capital cost for purchasing 
new units after the current batch needs replacing due to exceeding its lifetime. It is 
used to assess the real cost of the district in the cogeneration scenarios. Lifetime 
must be entered in hours. 
 
 “Yearly unit price drop”: m-chp systems show high development in the latest years 
and their price is cheaper in comparison to some years ago. Moreover, as 
technology matures and the market develops needs for these systems, mass 
production leads to massive price reduction of those units. Thus, the user has the 
option in the DEPOSIT algorithm, if he simulates the District for a period that 
exceeds the lifetime of the units, to repurchase the units at a cheaper price and not 
at the price at the beginning of the simulation.  
 “Heating Value fuel”: Here the Lower Heating Value (LHV) of the fuel used by this 
cogeneration system must be entered. The user must enter the heating value in 
kWh/m3 of natural gas or kWh/l gas or oil. The unit that is used here (Liter or m3) 
is the unit, in which the fuel consumption will be calculated and shown after the 
simulation. Moreover, the cost of the fuel, entered by the user, must be for the 
same units (Liter or m3 respectively). 
 “Shutdown”:  
When the algorithm gives the command to a unit or a group of units to shut down, 
then, depending on the m-chp technology/type, the cool-down period begins, 
which lasts for some minutes and in which the electrical production is zero and the 
unit may consume electricity for fans and pumps till its complete shutdown. 
During this shut-down time a heat output exits the heat exchanger. When cool-
down operation stops the engine consumes no fuel, the thermal power provided 
by the MCHP system becomes zero and the cogeneration device returns into stand-
by mode.(Rosato & Sibilio 2012) (Standby electrical consumption is neglected by 
the software).  
o “time”: The time in minutes after the unit was given the shut down 
command, till there is no more thermal output. The shutdown time is 
entered in minutes for each operating level in the format: 0 2 5 8 10 in 
minutes for example for operating levels 0 25 35 70 100% respectively.  
o  “fuel”:  The fuel consumed during the cool down procedure (in kWh of the 
input fuel). If the fuel consumed is for example 0.5kWh regardless of the 
previous operating output of the unit the value 0.5 must be entered as 
many times as the operating steps of the unit. For example: 0.5 0.5 0.5 0.5 
0.5.  
o “electr”: The electricity consumed during the cooldown procedure to 
operate fans , pumps etc. (kWh electricity) in the same format as the shut 
down fuel.  
o “heat”: The heating output of 1 unit of this type after the cool down mode 
has been initiated in kWh thermal energy. It must be specified for each 
previous operating output.  




8.1.2.16 Cogen3 Info 
During every timestep the control algorithm of the m-chp swarm tries to meet the districts 
heating demand including piping losses. By doing this it has to avoid unnecessary 
overproduction of heat (beyond the amount needed). We want to meet the heat curve with 
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better precision and avoid “ziz zak” behavior with overproduction during one timestep 
and underproduction during the next. This is mainly due to the central controlling of the 
units in 3 groups: the unit types. The algorithm can choose whether to modulate , or to 
switch on-off all the units of one type. For units of type 3 another option is given. The 
option to individually shut down units. So the algorithm may choose to shutdown 35% of 
the units of type 3 in order to exactly meet the heat demand. This option can be enabled 
under the “pull down “ menu : “modularity” 
The user can choose “on” or “off” .  
 “on” :  the units of type 3 ONLY, will be shut down individually. This units 
will not be able to modulate, but will operate only at an on off basis. Thus, 
the user should choose to fill out in the unit 3 section, units that down have 
turn down ratios, and operate on-off. 
 “off”: the units of type 3 will operate as units of type 1 and 2. The will 
modulate or switch on and off, all together (3 central control outputs: 1 for 
all units 1 , 1 for all units2 and 1 for all units 3) 
NOTE: The “on” option improves results, leads to higher primary energy savings and cost 
reduction, since demand can be met more accurate without having to cover a part with the 
cogeneration units and a part with the backup system , because if the other type/s would 
be switched on we would have overproduction. However,it leads to longer calculation 
times and it must be supported by the control system that will be implemented if the 
district concept will be carried out.  
 
 
8.1.2.17 Building block info 
In this section the user enters information about the district layout geometry. This 
information will be used by the layout creator of the DEPOSIT tool to compose a fictitious 
district , and placing the district buildings in it. 
 “building block area (m2)”:  The whole district area is divided into building blocks 
which are served by the district heating system. (For more information refer to 
chapter 3.5.2). This refers to the area of each building block. All building blocks are 
considered to have a similar size (with small discrepancies, depending on which 
buildings of each type are added).  
The user must enter the average size of the building block, taking into account that it must 
be at least double the size of the largest building in the district.  
NOTE: the building blocks are divided into half-blocks, and each half-block is served by the 
street heating loops. Thus, it is necessary that the half blocks are larger than the larger 
building plot, which means that the building blocks must be larger than twice the size of 
the largest building plot.  
 “Floor space ratio”: The ratio between building space and plot. A floor ratio of 0.5 
means for 100m2 of building space, 200m2 of plot are needed by the building 
regulation as a minimum. The assumption is made that all buildings occupy the 
maximum allowed building area allowed by the floor space ratio. 
The user must enter in this section the FAR in decimal values for each of the four 
building types. (for example: 2 1 4 0.5 ) 
 
 “Streetwidth”: The width of the average street between the building blocks, is 
needed by the program to calculate the length the main pipes of the district.  (See 
Chapter 3.5.2). It is added to the building block width to calculate the length of the 
main piping between two street loops. The user must enter the average street 
width in meters. 
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8.1.2.18 District distances 
The district distances are inputs that the algorithm needs from the user in order to 
“Design” the district layout. With these distances “in mind” the program places the 
buildings in the raster and creates blocks, loops and the network. Refer to chapter 3.5.2 for 
more details for the network layout. 
 “Distance between two buildings of the same type”: This is the distance (meters) in 
a row that two buildings of the same type have. For instance for two neighboring 
single family houses , this is the half-width of the ones plot and the half-width of 
the others’ plot and since each type is assumed to have almost the same geometry, 
the distance between the center of the plot of each building is the width of the plot. 
See “di” in Figure 7. 
So, the user must calculate and enter the average building plot width of each 
building type and enter it here. The distance must be entered in meters. This 
distance is used to calculate the length of the pipes of the street loop.  
 “Distance between the street (network) and the building”: This is the distance 
between the streets middle axis and the buildings heat exchanger (usually in the 
basement). It is used to calculate the pipe type 3-6 (see chapter 3.5.2) , that deliver 
hot water from the street pipe to the buildings and to the m-chp units. 
It is practically the half of the buildings plot length (dimension vertical to the 
street) plus the half street width.(if we assume that the buildings is built in the 
center of the plot). The distance must be entered in meters. See type3,4,5 in Figure 
7. 
 “Distance between 2 different building types”: this is an average distance between 
buildings of different types. For example the distance between the middle of the 
plot of a single family house and the middle of the plot of an office (Always 
depending on the types of buildings available). This is a gross value and is used to 
calculate the length of the pipes of the street loop. The distance must be entered in 
meters. See “dL” in Figure 7. 
 “Xendloop”: this is the pipe length between the supply and the return pipe of the 
streetpipes (Yi) and the main pipes (Xmainloop) after the last drain. This is part is 
mainly used as bypass if there is no demand in any of the buildings, and no m-CHP 
unit is on. However, since the algorithm calculates the flow rate depending on the 
demand in each section actually there is no flow rate. So, the extra bypass is mainly 
used to cope with small rounding differences so that the water volume is retained 
and the sum is always the correct. This value must be entered in meters. 
 
NOTE: The user can make some hand calculations, prior to defining the district in order to 
have a more realistic approach. The following example could be followed: 
Let’s assume a building block of 14040m². This corresponds for example to a rectangle 
78x180m. After removing the 8m street width we have two half blocks 35x180m. 




So we set the distance between buildings of type A: 14/2+14/2=14m 
Type B: 43/2+43/2=43m 
Type C: 90/2+90/2=90m 
As distance between buildings we would set the distance between the largest plots of the 2 
largest building types: 90/2+43/2=60m 
Based on such a calculation corrections can be made to the input given to the program so 
that the network created appears more realistic. If such pre-calculations aren’t performed 
by the user, this may lead to district layouts which are not really feasible from a 
geometrical approach. However,the influence to the total simulation results will not be so 
significant.  
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8.1.2.19 Storage tank Info 
In this section the characteristics of the storage tank or the storage tanks are entered. The 
district may have one central heat buffer tank or each building can have its own heat 
buffer tank.  
 “Volume”: The net water volume of each tank is entered. If there are more than one 
tanks, they are assumed to be of the same type and dimensions. The volume must 
be entered in liters. 
 “Height of Tank”: In order to calculate the heat losses of each storage tank, the 
external dimensions are needed. Since the volume is available, and assuming that 
the tank is cylindrical the external surface is calculated (the difference of net and 
gross volume is neglected for this calculation). The height of the tank must be 
entered by the user in meters.  
 “U-value”: The heat loss coefficient of the Storage tank/s is entered, to calculate the 
thermal losses of the buffer tanks to the surrounding. The buffer tanks are 
supposed to be located in an unheated room (basement etc). The higher the U-
value, the higher the heat losses. Since all storage tanks are supposed to be 
identical, their insulation level and so their U-value is the same.  (Units: Watt/m²K) 
 “Number of tanks”: The number of storage tanks in the district is entered. This is 
the total number of tanks for all the buildings together. 
 
8.1.2.19.1 Storage tank Inputs 
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8.1.2.20 Plot Info Diagrams 
Information about the diagram plotting by the DEPOSIT software is entered. When the 
simulation is carried out for a large period, the user may want to focus on a particular 
timeframe to evaluate some results and is not interested in plotting an entire multi year 
period. There is the option to plot only for the desired timeframe. 
 “Start Hour”: The plots will start from this timestep. (The simulation will be taken 
out as normal for all the simulation time, but the results will be plotted from the 
“start hour“ till the “ending hour” (Example 8761) 
 “Ending hour”: The last time step of plotting is entered.  (Example 17520) 
In the example the plots will depict the second year of simulation, from timestep 8761 to 
17520. 
8.1.2.21 Time schedule 
In this section the time schedule of the district operation is filled out. 
 “Simulationyears” drop down menu: The number of years that the district will be 
simulated for. 
 “Summer Shutdown”: The day at which each unit type is switched off during the 
summer period. In cases, with warm summer and very low heating demand during 
the summer period, some units may need to be shut down, in order to avoid 
unnecessary heat production and heat dumping, since the storage tanks have finite 
capacity. Especially with fuel cell units, which have a maximum turndown ratio, 
and operate always above a minimum thermal demand, their summer operation 
produces unneeded heat and leads to heat dumping. In this drop down menu, the 
user must choose the day and month from which, all the units of this type will shut 
down. (at 00.00 hour).  
 “Restart Autumn”: The time, usually in the autumn, when the units of this time, will 
be switched on again, after the summer shut-down period. The user must pick 
again a day and month. The restart time is again set to 00.00 of that day. 
NOTE: Each column represents unit type. Units 1, 2 and 3 respectively. The default values 
is “8760”, which means that the units operate 8760 hours per year which means there is 
no shutdown period. This is usually the case when the m-chp units chosen in this district, 
do not have a minimum operating level and can be switched on and off often. So, when 
there is no demand, they shut-down and there is no overproduction. In such case, all 4 
segments of this column must have the value “8760” chosen. 
 
8.1.2.22 Piping lengths and diameters 
Is part of an older version and is no longer used. 
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8.2 Input files 
Apart from data that the user must/can enter in the GUI of the DEPOSIT program, some 
input is needed in form of (*.xls) files. The user must prepare this files in the correct 
formatting and save them in the same directory (path) of the DEPOSIT program.  
8.2.1 Cogeneration efficiency curves 
The user must enter the curves provided by the m-chp units’ manufacturer with the 
thermal and electrical efficiency at various operating levels. The efficiencies must be based 
on the Lower Heating Value of the fuel. The interval provided must be in agreement with 
the “minimum part load” and the “modulation step” of the unit chosen by the user so that 
the interval provided falls not in-between steps. ( For example : minimum operating level 
40% and modulating rate 10%, then the interval provided must be 
40,50,60,70,80,90,100% and not 45,55,65,75,85,100%!!).  If the minimum operating level 
is 100%, the intervals below 100% serve to calculate the efficiencies and the fuel 
consumed, the thermal output and electrical output during the startup of the units that 
were shut-down. 
The files must be named: 
 “cogeneration1eff.xls”: contains thermal and electrical efficiency data points for 
cogeneration units of type 1 
 “cogeneration2eff.xls”: contains thermal and electrical efficiency data points for 
cogeneration units of type 2 
 “cogeneration3eff.xls”: : contains thermal and electrical efficiency data points for 





If, at some 
operating level we have thermal output and not electrical (for example in the following 
case of a Stirling engine during startup), then the algorithm needs the fuel input at each 
operating level, because the fuel input cannot be calculated via the efficiencies. The fuel 
input must be entered in the “D” column, in Watt. 
Figure 95: example file with thermal and electrical efficiencies 
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Figure 96: example file with thermal and electrical efficiencies and fuel input for m-
CHP  
 
8.2.2 Variable primary energy factor for electricity 
If the user wants calculate primary energy savings more realistic and allow the controlling 
algorithm to optimize the m-chp systems’ output and involvement to minimize the 
primary energy consumption, then he can enter variable hourly primary energy factors for 
electricity. This factor corresponds to the electricity produced by the energy – mix of the 
regional or national electrical provider, because that is the system that would cover the 
demand if the m-chp systems weren’t producing the electricity. Each kWh produced by the 
cogeneration systems has not to be bought of the net, and has not to be produced by the 
net. 
The user has to leave the box empty and create an xls file containing the hourly values of 
the PEF for electricity for the public electrical network for the simulated timeperiod (or 
predicted evolution of the primary energy factor). 
The xls file must be named:  “primenergyelectricity.xls “ and contain the values in the 
range “A1:A(Simulationhours)” with no header. The file must be placed in the DEPOSIT 
program folder. 
 
8.2.3 Horizontal total solar radiation and ambient temperature 
 
Various weather parameters such as the solar radiation and external temperature are 
used by the DEPOSIT software for the heat and electricity demand forecasting. The 
weather affects heating and cooling demands. Thus, if we want to predict the future heat 
and electrical demand of the district, information about the temperature and the solar 
radiation is requested. The data must correspond to the time period of the simulation. The 
user can use historical values or weather files available for that location with averaged 
data.  
The file must be named “temp_radiation.xls” and must be placed in the same folder as the 
DEPOSIT program. 
The first column must contain the dry bulb temperature in Celsius for every timestep 
(hour) and must have no header. It must range from cell “A1” to cell “A(Simulationhours)”. 
The second column must contain the total horizontal radiation in Watts for every timestep 
(hour) and must have no header. It must range from cell “B1” to cell “B(Simulationhours)”. 
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The third column must contain the relative humidity in decimal format for every timestep 
(hour) and must have no header. It must range from cell “C1” to cell “C (Simulationhours)”. 
The fourth column must contain the monthly average dry bulb temperature in Celsius for 
every timestep (hour) and must have no header. It must range from cell “D1” to cell 
“D(Simulationhours)”. (All timesteps of a month will have the same value.) 
The fifth column must contain the dew point in Celsius for every timestep (hour) and 
must have no header. It must range from cell “E1” to cell “E(Simulationhours)”. 
 
 
8.2.4 Heat demand data 
In order to calculate the districts’ heat demand, the heat demand of the individual 
buildings composing the district must be known. The DEPOSIT software is not a building 
simulation software. It is a district simulation software. The individual heat demand of the 
building types used must be entered. This data can originate either from numerical 
simulations with software such as TRNSYS®, Energyplus®, or from actual measurements 
of the heat consumption of these building types. The data must be hourly (same as the 
timestep) of the simulation. 
The user must create an “*.xls” file containing the Hourly Heat Demand of the building 
types.  No header must be used. 
Building type 1a : Cells: “A1:A8760” 
Building type 1b: Cells: “B1:B8760” 
Building type 1c: Cells: “C1:C8760” 
Building type 1d: Cells: “D1:D8760” 
Building type 1e: Cells: “E1:E8760” 
 
Building type 1f: Cells: “F1:F8760” 
Building type 1g: Cells: “G1:G8760” 
Building type 1h: Cells: “H1:H8760” 
Building type 1i: Cells: “I1:I8760” 
Building type 1j: Cells: “J1:J8760” 
 
Building type 2a: Cells: “K1:K8760” 
Building type 2b: Cells: “L1:L8760” 
 
Building type 3a: Cells: “M1:M8760” 
Building type 3b Cells: “N1:N8760” 
 
Building type 4a: Cells: “O1:O8760” 
Building type 4b: Cells: “P1:P8760” 
 
 
The name of the file must be “heatdemand.xls “and must be located in the same directory 
as the DEPOSIT program. The demand of each building must be entered in Watt. 
 
 
8.2.5 Electrical demand data 
The DEPOSIT algorithm can handle the electrical demand of the buildings in the 
neighborhood. The electrical demand is only taken into account in the cost scenarios: 
Case3 and Case 3F. 
It is not necessary for the user to supply the electricity demand, if the user does not want 
to take the electrical demand into account, and wishes to sell/export the generated 
electricity to the net. But, if the user wants to explore the real potential of a district-
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“island” mode, which can supply the generated electricity either to the buildings of the 
district or the outside electricity net, he can enter the electrical demand of each building 
type. In this case the algorithm has also to cover the electrical demand of the district. This 
can be done either by the cogeneration units or the public net, depending on demand and 
supply and on the electricity buying and selling price.  
In order to calculate the districts’ electrical demand, the electrical demand of the 
individual buildings composing the district must be known. The data can originate either 
from numerical simulations, or from actual measurements of the electrical consumption of 
these building types. The data must be hourly (same as the timestep) of the simulation. 
The user must create an “*.xls” file containing the Hourly Electrical power Demand of the 
building types.  No header must be used. 
Building type 1a : Cells: “A1:A8760” 
Building type 1b: Cells: “B1:B8760” 
Building type 1c: Cells: “C1:C8760” 
Building type 1d: Cells: “D1:D8760” 
Building type 1e: Cells: “E1:E8760” 
 
Building type 1f: Cells: “F1:F8760” 
Building type 1g: Cells: “G1:G8760” 
Building type 1h: Cells: “H1:H8760” 
Building type 1i: Cells: “I1:I8760” 
Building type 1j: Cells: “J1:J8760” 
 
Building type 2a: Cells: “K1:K8760” 
Building type 2b: Cells: “L1:L8760” 
 
Building type 3a: Cells: “M1:M8760” 
Building type 3b Cells: “N1:N8760” 
 
Building type 4a: Cells: “O1:O8760” 
Building type 4b: Cells: “P1:P8760” 
The name of the file must be “electricitydemand.xls“and must be located in the same 
directory as the DEPOSIT program. The demand of each building must be entered in Watt. 
NOTE: If the user does not want to include the electrical demand in the simulations, and 
wants simply to cover the districts electrical demand via the public net , and sell the 
electrical demand to the net, he must create a blank/ or filled with “0” “*.xls” file. 
 
8.2.6 Energy price 
The fuel prices are used for operating Cases 3 and 3F, which examine a cost driven 
operation of the m-chp units with the scope to minimize the cost for covering the units’ 
thermal (and electrical demand). The user has to options: to enter the fuel prices in section 
Fuel Prices or create an “xls” file with hourly resolution of the prices. Each price must be 
filled out in the following collumns (cells) without a header. 
 Electricity cost for buying of the net (EUR/kWh) : “A1” : “A(Simulationhours)” 
 Fuel Cost per volume unit for Cogeneration unit type 1 (EUR/liter or EUR/m3 
depending on which unit is used in the Heating value input): “B1” : “B(Simulationhours)” 
 Fuel Cost per volume unit for Cogeneration unit type 2 (EUR/liter or EUR/m3 
depending on which unit is used in the Heating value input): “C1” : “C(Simulationhours)” 
 Fuel Cost per volume unit for Cogeneration unit type 3 (EUR/liter or EUR/m3 
depending on which unit is used in the Heating value input): “D1” : “D(Simulationhours)” 
 Fuel Cost per volume unit for the backup boiler in the Cogeneration cases and the 
Reference boilers in the Reference case 1 and 2 (EUR/liter or EUR/m3 depending on 
which unit is used in the Heating value input): “E1” : “E(Simulationhours)” 
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8.2.7 Electricity market price 
The districts with the cogeneration units can act as an electricity producer and supply 
energy to the net. Since the electrical capacity of usual micro cogeneration units is very 
small, the district is a micro producer with a power output < 30 MW. The SMP can be used 
as input. Greek SMP prices have been used for the simulations in the current thesis. 
Therefore the following template for reading prices has been used. Prices must be entered 




Figure 97: Example of SMP file, required by DEPOSIT , supplied by (ADMIE 2011) 
8.3 Running the program 
In order for the simulation to start and after all input Excel files are in the correct 
directory, the user can press the Calculate button on the DEPOSIT GUI.  
 
 
Then following additional inputs are required by the software: 
'At what timestep shall the simulation pause?; 
Used for debugging purposes, a pause of the simulation. A breakpoint must be entered in 
the appropriate line. 
 
'Number of hidden neurons for heat demand prediction’; 
The maximum number of hidden neurons for the neural network for heat demand 
forecasting.  
 
'Number of hidden neurons for electr demand prediction’; 
The maximum number of hidden neurons for the neural network for electricity demand 
forecasting.  
 
'Preactive unit startup in Case3nn (yes=1)'; 
Should the proactive start up of units, that examines future timesteps, to start inefficient 
units, be initiated?  
 
'Enter the first day of the Data, "01-01-2014"'; 
The day, for which the data is available (Price data etc). 
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'Shall the Storage tanks be controlled independently (sequential)? If 
yes enter "1", else "0"? '; 
If the storage tanks shall be controlled independently, with different temperatures and hierarchic 
charging and discharging, or if they are controlled as one a large vessel, with the combined volume. 
       
'When is the daily electricity price planning for the next day 
published? "Hour ex. = 14" '; 
At which hour, is the next day programming for power generation available?  
 
'Every how many hours shall the neural network be calibrated?' 
How many hours should be used for neural network training? 
       
'Shall the Storage contribution be removed first in Case2F? If yes 
enter "1", else "0"? '; 
In Case2F, shall the storage tank contribution be removed before or after the m-CHP generation is 
deducted? See chapter 3.7.3 
      
'Forecasting maxoperation stops in the summer? "hour"'; 
After which hour in the spring or summer should the heat forecasting and electrical forecasting 
module, pause its operation, due to inaccurate results, because of the low demands? 
      
'Forecasting maxoperation restart time "hour"'; 
When shall the training of the neural networks and the demand prediction restart, after the break? 
(Keep in mind, that input for neural network training will be before that hour (i.e last 336h before 
this timestep). 
 
'Should the units1 be able to shutdown during winter period ? NO:"1" , 
YES: "0"' 
Yes: Units can operate below the minimum operating interval for the non-shutdown period. 
No: Units cannot operate below the minimum operating interval for the non-shutdown period. 
 
'Hourly averaged factor for lower thermal efficiency during the first 
hour after a cold start. Units X'; 
The factor calculated from measurement to express the limited thermal efficiency, after a cold start. 




'Till which thermal operating level is the startup (fuel, time, 
electr) calculated? Units X (example : 40 (meaning 40% of its thermal 
output))'; 
The electricity and fuel consumption and the startup time have been calculated till which operating 
level. (Which is the minimum operating level?) 
 
'Shall the startup fuel consumption and electrical consumption affect 
decision making in Case2 and Case2F? (YES:"1" , NO : "0")'; 
Yes: The algorithm takes the excess fuel and electricity consumed during the startup period into 
account for the energy balance and the decision of operation. 
No: The algorithm takes the excess fuel and electricity consumed during the startup period into 
account for the energy balance BUT NOT for the decision of operation. So the startup of units is 
encouraged more, but with usually bad results, when the demand is fluctuating and the units are 
able to switch often on and off. 
 
 
'Does unit X produce usable heat till it reaches normal operation? 
Enter in kWh or enter 0'; 
The thermal energy output to the network, during the startup procedure of a cogeneration unit. For 
the startup time, thermal energy is not calculated elsewhere. If a unit, like the Whispergen in this 
study, produces heat, during this timeframe specified, as startup time, it must be entered here, in 
kWh. 
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8.4 Single Family Houses 
 
Figure 98:Ground floor (GF) and upper floor (UF) plan with heated and full-
acclimatized areas- SFH 
8.4.1 Architectural design and thermal loads 
8.4.1.1 Wall construction 
The building envelope (walls, floors, windows and roof) has been defined for the 
residential building. Building envelope area and glazed area has been defined first (Table 
38).  









Table 39: Components of the building envelope in a single-family house  





The residential building glazed areas have been defined as shown in Table 40. 
Table 40: Glazed areas definition - SFH 
Ground floor, fully-acclimatized: 
Ground floor, only heated:             
Upper floor, fully-acclimatized:   
Upper floor, only heated: 
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07:00-21:59 21 07:00-9:59 21
22:00-06:59 17 10:00-14:59 19
15:00-21:59 21
22:00-06:59 17
07:00-21:59 21 07:00-9:59 21
22:00-06:59 17 10:00-14:59 19
15:00-21:59 21
22:00-06:59 17
07:00-21:59 18 07:00-21:59 18
22:00-06:59 17 22:00-06:59 17





07:00-16:59 27 07:00-09:59 27
17:00-18:59 30 10:00-14:59 30
19:00-23:59 27 15:00-21:59 27
00:00-06:59 30 22:00-06:59 30
Zone D                                            19:00-19:59 27
20:00-18:59 40
Zone A                                                  
Bath, WC, Laundry room
Zone B                                                     
Living Room , Kitchen
Zone C                                                       
Bedrooms
Thermostat setting Weekday Thermostat setting Weekend’s day
Hour Temperature Hour Temperature
Zone
Zone C                                                       
Bedrooms
Zone B                                                     
Living Room , Kitchen
Zone A                                                  
Bath, WC, Laundry room
Zone D                                            
Office with PC
Zone
Hour Temperature Hour Temperature
Thermostat setting Weekday Thermostat setting Weekend’s day
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Figure 100: Thermostat settings, Profile 2-SFH 
Heating
07:00-07:59 20 01:00-08:59 17




07:00-07:59 25 09:00-10:59 25
08:00-17:59 30 11:00-13:59 30
18:00-23:59 25 14:00-18:59 25
00:00-06:59 30 19:00-22:59 30
23:00-00:59 25
01:00-08:59 30
19:00-19:59 25 15:00-16:59 25
20:00-18:59 40 17:00-14:59 40
Zone C                                                       
Bedrooms
Zone A    Zone B      Zone C     
Zone D
Zone B                                                     
Living Room , Kitchen
Zone D                                        
Office with PC
Thermostat setting Weekend’s day
Hour Temperature Hour Temperature
Zone A                                                  




Thermostat setting Weekday Thermostat setting Weekend’s day
Hour Temperature Hour Temperature
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07:00-23:59 20 08:00-24:59 20
00:00-06:59 17 01:00-07:59 17
Cooling
07:00-09:59 25 08:00-10:59 25
10:00-11:59 30 11:00-13:59 30
12:00-23:59 25 14:00-18:59 25
00:00-06:59 30 19:00-20:59 30
21:00-00:59 25
01:00-07:59 30
07:00-09:59 25 08:00-10:59 25
10:00-11:59 30 11:00-13:59 30
12:00-23:59 25 14:00-18:59 25
00:00-06:59 30 19:00-20:59 30
21:00-00:59 25
01:00-07:59 30
Zone A                                                  
Bath, WC, Laundry room
Zone B                                                     
Living Room , Kitchen
Zone C                                                       
Bedrooms
Zone D                                        
Office with PC
Zone A    Zone B      Zone C     
Zone D
Zone
Thermostat setting Weekday Thermostat setting Weekend’s day
Hour Temperature Hour Temperature
Zone
Thermostat setting Weekday Thermostat setting Weekend’s day
Hour Temperature Hour Temperature
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Figure 103: Thermostat settings, Profile 5 -SFH 
 
Heating
07:00-07:59 20 08:00-24:59 20




07:00-07:59 25 08:00-12:59 25
08:00-16:59 30 13:00-17:59 30
17:00-23:59 25 18:00-00:59 25
00:00-06:59 30 01:00-07:59 30
19:00-21:59 25 08:00-12:59 25
22:00-19:00 40 13:00-17:59 30
18:00-00:59 25
01:00-07:59 30
Zone A                                                  
Bath, WC, Laundry room
Zone B                                                     
Living Room , Kitchen
Zone C                                                       
Bedrooms
Zone D                                        
Office with PC
Zone A    Zone B      Zone C     
Zone D
Zone
Thermostat setting Weekday Thermostat setting Weekend’s day
Hour Temperature Hour Temperature
Zone
Thermostat setting Weekday Thermostat setting Weekend’s day
Hour Temperature Hour Temperature
Heating
07:00-08:59 20 09:00-01:59 20




07:00-08:59 25 09:00-20:59 25
09:00-15:59 30 21:00-21:59 30
16:00-24:59 25 22:00-01:59 25
01:00-06:59 30 02:00-08:59 30
17:00-21:59 25 09:00-20:59 25
22:00-16:59 40 21:00-21:59 30
22:00-01:59 25
02:00-08:59 30
Zone A                                                  
Bath, WC, Laundry room
Zone B                                                     
Living Room , Kitchen
Zone C                                                       
Bedrooms
Zone D                                        
Office with PC
Zone A    Zone B      Zone C     
Zone D
Zone
Thermostat setting Weekday Thermostat setting Weekend’s day
Hour Temperature Hour Temperature
Zone
Thermostat setting Weekday Thermostat setting Weekend’s day
Hour Temperature Hour Temperature
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8.4.2 Internal Gains    
8.4.2.1 Profile1 :  2 persons in Pension 
 
Weekday 
Zone A (WOHN) :   
Persons: VDI Act I+II /20°C                                             
                         Scale :  1 * 
07:00-08:00 = 1 
16:00-17:00 = 1 
21:00-22:00 = 1 
Computer: Off 
Lights: 30m²  5W/m²  30%convective 
                         Scale:  0,33* 
07:00-08:00 = 1  
16:00-17:00 = 1 
21:00-22:00 = 1 
 
Wash:  10800*Laundary kj/hr            
                        Scale: 1* 
                           Laundary: 07:00-08:00 = 1                       
 
Zone B (KLIMA-WOHN) :   
Persons: VDI Act I+II /23°C                                             
                         Scale :  1 * 
07:00-10:00 = 1  
10:00-11:00 = 2 
11:00-13:00 = 1 
10:00-11:00 = 2 
11:00-13:00 = 1 
13:00-15:00 = 2 
16:00-17:00 = 1 
19:00-21:00 = 2 
21:00-22:00 = 1 
 
 
Computer:  140Watt PC  




Lights: 54m²  5W/m²  30%convective 
                         Scale:  1* 
07:00-15:00 = 1                  
16:00-17:00 = 1                  
19:00-22:00 = 1 
       
Kueche:  3600*Kochen kj/hr            
                        Scale: 1 
                        Kochen: 
07:00-08:00 = 1  
13:00-14:00 = 2  
19:00-20:00 = 1 
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Fridge:  Convective Power 72 kj/hr            
Zone C (OBERGESCHO) : 
Persons: VDI Act I+II /18°C   





Lights: 54m²  5W/m² 
07:00-08:00 = 1 
21:00-22:00 = 1 
 
 







Zone A (WOHN) :   
Persons: VDI Act I+II /20°C                                             
                         Scale :  1 * 
07:00-08:00 = 1 
21:00-22:00 = 1 
Computer: Off 
Lights: 30m²  5W/m²  30%convective 
                         Scale:  0,33* 
07:00-08:00 = 1  
21:00-22:00 = 1 
 
Wash:  10800*Laundary kj/hr            
                        Scale: 1* 
                           Laundary: 07:00-08:00 = 1                       
 
Zone B (KLIMA-WOHN) :   
Persons: VDI Act I+II /23°C                                             
                         Scale :  1 * 
07:00-08:00 = 1  
08:00-10:00 = 2 
15:00-16:00 = 2 
17:00-19:00 = 2 
19:00-20:00 = 1 
20:00-21:00 = 2 
21:00-22:00 = 1 
 
Computer:  140Watt PC  




Lights: 54m²  5W/m²  30%convective 
Chapter 8: Appendices 
DEVELOPMENT OF A BUILDING AND DISTRICT SIMULATION TOOL, WITH DECENTRALIZED HEAT AND POWER 
PRODUCTION AND THERMAL ENERGY STORAGE            239 
                         Scale:  1* 
07:00-10:00 = 1                
15:00-16:00 = 1                     
17:00-22:00 = 1 
       
Kueche:  3600*Kochen kj/hr            
                        Scale: 1 
                        Kochen: 
07:00-08:00 = 1  
15:00-16:00 = 1  
19:00-20:00 = 1 
 
Fridge:  Convective Power 72 kj/hr 
 
Zone C (OBERGESCHO) : 
 
Persons: VDI Act I+II /18°C   





Lights: 54m²  5W/m² 
07:00-08:00 = 1 
21:00-22:00 = 1 
 
Zone D (KLIMA-OG) : 
 
Persons:  VDI Act I+II /18°C   
                 Scale: 1 
19:00-20:00 =1 
Computer: 140 Watt PC  
                Scale : 1 
19:00-20:00 = 1 
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Zone A (WOHN) :   
Persons: VDI Act I+II /20°C                                             
                         Scale :  1 * 
07:00-08:00 = 1 
23:00-24:00 = 1 
Computer: Off 
Lights: 30m²  5W/m²  30%convective 
                         Scale:  0,33* 
07:00-08:00 = 1  
23:00-24:00 = 1 
 
Wash:  10800*Laundry kj/hr            
                        Scale: 1* 
                           Laundry: 07:00-08:00 = 1                       
 
Zone B (KLIMA-WOHN) :   
 
Persons: VDI Act I+II /23°C                                             
                         Scale :  1 * 
07:00-08:00 = 1  
18:00-19:00 = 1 
20:00-21:00 = 1 
21:00-23:00 = 2 
23:00-24:00 = 1 
 
 
Computer:  140Watt PC  
                        Scale:1* 
20:00-24:00 =1 
Lights: 54m²  5W/m²  30%convective 
                         Scale:  1* 
07:00-08:00 = 1 
18:00-24:00 = 1 
       
Kueche:  3600*Kochen kj/hr            
                        Scale: 1 
                        Kochen: 
07:00-08:00 = 1  
20:00-21:00 = 2  
 
Fridge:  Convective Power 72 kj/hr           
  
Zone C (OBERGESCHO) : 
 
Persons: VDI Act I+II /18°C   
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Lights: 54m²  5W/m² 
07:00-08:00 = 1 
23:00-24:00 = 1 
 
Zone D (KLIMA-OG) : 
 
Persons:  VDI Act I+II /18°C   
                 Scale: 1 
19:00-20:00 =1 
Computer: 140 Watt PC  
                Scale : 1 
19:00-20:00 = 1 








Zone A (WOHN) :   
 
Persons: VDI Act I+II /20°C                                             
                         Scale :  1 * 
09:00-10:00 = 1 
18:00-19:00 = 1 
00:00-01:00 = 1 
 
Computer: Off 
Lights: 30m²  5W/m²  30%convective 
                         Scale:  0,33* 
09:00-10:00 = 1 
18:00-19:00 = 1 
00:00-01:00 = 1 
 
Wash:  10800*Laundry kj/hr            
                        Scale: 1* 
                           Laundry: 09:00-10:00 = 1                       
 
Zone B (KLIMA-WOHN) :   
 
Persons: VDI Act I+II /23°C                                             
                         Scale :  1 * 
09:00-10:00 = 1  
10:00-11:00 = 2 
14:00-15:00 = 2 
16:00-17:00 = 1 
17:00-18:00 = 2 
18:00-19:00 = 1 
23:00-24:00 = 2 
00:00-01:00 = 1 
 
 
Computer:  140Watt PC  
                        Scale:1* 




Lights: 54m²  5W/m²  30%convective 
                         Scale:  1* 
09:00-11:00 = 1  
14:00-19:00 = 1 
23:00-01:00 = 1 
       
Kueche:  3600*Kochen kj/hr            
                        Scale: 1 
                        Kochen: 
09:00-10:00 = 1  
14:00-15:00 = 1  
 
Fridge:  Convective Power 72 kj/hr 
            
Zone C (OBERGESCHO) : 
 
Persons: VDI Act I+II /18°C   




Lights: 54m²  5W/m² 
09:00-10:00 = 1 
00:00-01:00 = 1 
 
 
Zone D (KLIMA-OG) : 
 
Persons:  VDI Act I+II /18°C   
                 Scale: 1 
15:00-17:00 =1 
Computer: 140 Watt PC  
                Scale : 1 
15:00-17:00 = 1 
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Zone A (WOHN) :   
 
Persons: VDI Act I+II /20°C                                             
                         Scale :  1 * 
07:00-09:00 = 1 
19:00-20:00 = 1 
23:00-24:00 = 1 
Computer: Off 
Lights: 30m²  5W/m²  30%convective 
                         Scale:  0,33* 
07:00-09:00 = 1 
19:00-20:00 = 1 
23:00-24:00 = 1 
 
Wash:  10800*Laundry kj/hr            
                        Scale: 1* 
                           Laundry: 08:00-09:00 = 1                       
 
Zone B (KLIMA-WOHN) :   
 
Persons: VDI Act I+II /23°C                                             
                         Scale :  1 * 
07:00-08:00 = 1  
13:00-14:00 = 1 
14:00-16:00 = 2   
16:00-17:00 = 1 
18:00-21:00 = 2 
21:00-22:00 = 3 
22:00-23:00 = 2 
23:00-24:00 = 1 
 
Computer:  140Watt PC  
                        Scale:1* 
13:00-17:00 =1 
18:00-24:00 =1 
Lights: 54m²  5W/m²  30%convective 
                         Scale:  1* 
07:00-10:00 = 1 
13:00-24:00 = 1 
       
Kueche:  3600*Kochen kj/hr            
                        Scale: 1 
                        Kochen: 
07:00-08:00 = 1  
13:00-14:00 = 2 
19:00-20:00 = 1  
 
Fridge:  Convective Power 72 kj/hr        
     
Zone C (OBERGESCHO) : 
Persons: VDI Act I+II /18°C   
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                       Scale : 1 





Lights: 54m²  5W/m² 
06:00-08:00 = 1 
23:00-01:00 = 1 
 
Zone D (KLIMA-OG) : 
 
Persons:  VDI Act I+II /18°C   
                 Scale: 1 
9:00-10:00 =1 
12:00-13:00 =1 
16:00-18:0 0  =1 
20:00-21:00 =1 
Computer: 140 Watt PC  
















Zone A (WOHN) :   
 
Persons: VDI Act I+II /20°C                                             
                         Scale :  1 * 
08:00-09:00 = 1 
10:00-11:00 = 1 
18:00-19:00 = 1 
00:00-01:00 = 1 
 
Computer: Off 
Lights: 30m²  5W/m²  30%convective 
                         Scale:  0,33* 
08:00-09:00 = 1 
10:00-11:00 = 1 
18:00-19:00 = 1 
00:00-01:00 = 1 
 
Wash:  10800*Laundary kj/hr            
                        Scale: 1* 
                           Laundary: 10:00-11:00 = 1                       
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Zone B (KLIMA-WOHN) :   
 
Persons: VDI Act I+II /23°C                                             
                         Scale :  1 * 
 
08:00-09:00 =1 
09:00-10:00 = 3  
10:00-11:00 = 1 
14:00-15:00 = 3 
16:00-17:00 = 1 
17:00-18:00 = 2 
18:00-19:00 = 1 
21:00-22:00 = 2 
22:00-23:00 = 3 
23:00-24:00 =2 
00:00-01:00 = 1 
 
 
Computer:  140Watt PC  




Lights: 54m²  5W/m²  30%convective 
                         Scale:  1* 
08:00-11:00 = 1  
14:00-19:00 = 1 
21:00-01:00 = 1 
       
Kueche:  3600*Kochen kj/hr            
                        Scale: 1 
                        Kochen: 
08:00-09:00 = 1  
14:00-15:00 = 1  
21:00-22:00 =1 
 
Fridge:  Convective Power 72 kj/hr 
            
Zone C (OBERGESCHO) : 
 
Persons: VDI Act I+II /18°C   
                       Scale : 1 





Lights: 54m²  5W/m² 
07:00-09:00 = 1 
00:00-01:00 = 1 
 
 
Zone D (KLIMA-OG) : 
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Persons:  VDI Act I+II /18°C   





Computer: 140 Watt PC  






















Zone A (WOHN) :   
 
Persons: VDI Act I+II /20°C                                             
                         Scale :  1 * 
07:00-08:00 = 2 
19:00-20:00 = 1 
21:00-22:00 = 1 
23:00-24:00 = 1 
Computer: Off 
Lights: 30m²  5W/m²  30%convective 
                         Scale:  0,33* 
07:00-08:00 = 1 
19:00-20:00 = 1 
21:00-22:00 = 1 
23:00-24:00 = 1 
 
Wash:  10800*Laundry kj/hr            
                        Scale: 1* 





Zone B (KLIMA-WOHN) :   
Persons: VDI Act I+II /23°C                                             
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                         Scale :  1 * 
07:00-08:00 = 2  
17:00-18:00 = 3 
18:00-20:00 = 2 
20:00-21:00 = 3 
21:00-23:00 = 2 
23:00-24:00 = 1 
 
Computer:  140Watt PC  
                        Scale:1* 
18:00-24:00 =1 
Lights: 54m²  5W/m²  30%convective 
                         Scale:  1* 
07:00-08:00 = 1 
17:00-24:00 = 1 
       
Kueche:  3600*Kochen kj/hr            
                        Scale: 1 
                        Kochen: 
07:00-08:00 = 1  
17:00-18:00 = 2 
20:00-21:00 = 0.5  
 
Fridge:  Convective Power 72 kj/hr          
   
Zone C (OBERGESCHO) : 
 
Persons: VDI Act I+II /18°C   
                       Scale : 1 




Lights: 54m²  5W/m² 
06:00-07:00 = 1 
22:00-24:00 = 1 
 
Zone D (KLIMA-OG) : 
 
Persons:  VDI Act I+II /18°C   
                 Scale: 1 
19:00-22:00 = 1 
Computer: 140 Watt PC  
                Scale : 1 
19:00-22:00 = 1 
Lights: 18m²  10W/m²  
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Zone A (WOHN) :   
 
Persons: VDI Act I+II /20°C                                             
                         Scale :  1 * 
08:00-09:00 = 1 
10:00-11:00 = 1 
19:00-20:00 = 1 




Lights: 30m²  5W/m²  30%convective 
                         Scale:  0,33* 
08:00-09:00 = 1 
10:00-11:00 = 1 
19:00-20:00 = 1 
22:00-23:00 = 1 
00:00-01:00 =1 
 
Wash:  10800*Laundry kj/hr            
                        Scale: 1* 
                           Laundry: 10:00-11:00 = 1                       
 
Zone B (KLIMA-WOHN) :   
 
Persons: VDI Act I+II /23°C                                             
                         Scale :  1 * 
 
08:00-09:00 =1 
09:00-10:00 = 4 
10:00-12:00 = 1 
12:00-13:00 = 2 
18:00-19:00 = 3 






Computer:  140Watt PC  
                        Scale:1* 
08:00-12:00 =1 
19:00-01:00 =1 
Lights: 54m²  5W/m²  30%convective 
                         Scale:  1* 
08:00-13:00 = 1  
18:00-01:00 = 1 
       
Kueche:  3600*Kochen kj/hr            
                        Scale: 1 
                        Kochen: 
09:00-10:00 = 1  
12:00-13:00 = 1  
19:00-20:00 =2 
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Fridge:  Convective Power 72 kj/hr 
            
Zone C (OBERGESCHO) : 
 
Persons: VDI Act I+II /18°C   
                       Scale : 1 





Lights: 54m²  5W/m² 
07:00-09:00 = 1 
00:00-01:00 = 1 
 
 
Zone D (KLIMA-OG) : 
 
Persons:  VDI Act I+II /18°C   




Computer: 140 Watt PC  
                Scale : 1 
10:00-11:00 =1 
18:00-22:00 =1 





















Zone A (WOHN) :   
 
Persons: VDI Act I+II /20°C                                             
                         Scale :  1 * 
07:00-09:00 = 1 
19:00-20:00 = 1 
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22:00-01:00 = 1 
Computer: Off 
Lights: 30m²  5W/m²  30%convective 
                         Scale:  0,33* 
07:00-09:00 = 1 
19:00-20:00 = 1 
22:00-01:00 = 1 
 
Wash:  10800*Laundry kj/hr            
                        Scale: 1* 
                           Laundry: 07:00-08:00 = 1 
                                              22:00-23:00 = 1                       
 
Zone B (KLIMA-WOHN) :   
 
Persons: VDI Act I+II /23°C                                             
                         Scale :  1 * 
07:00-09:00 = 1  
16:00-17:00 = 2 
18:00-23:00 = 2 
23:00-24:00 = 3 
00:00-01:00 = 1 
 
Computer:  140Watt PC  
                        Scale:1* 
18:00-01:00 =1 
Lights: 54m²  5W/m²  30%convective 
                         Scale:  1* 
07:00-09:00 = 1 
16:00-01:00 = 1 
       
Kueche:  3600*Kochen kj/hr            
                        Scale: 1 
                        Kochen: 
07:00-09:00 = 0.5  
19:00-20:00 = 2 
 
Fridge:  Convective Power 72 kj/hr   
          
Zone C (OBERGESCHO) : 
 
Persons: VDI Act I+II /18°C   
                       Scale : 1 




Lights: 54m²  5W/m² 
06:00-08:00 = 1 
00:00-01:00 = 1 
 
Zone D (KLIMA-OG) : 
 
Persons:  VDI Act I+II /18°C   
                 Scale: 1 
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17:00-19:00 = 2 
19:00-22:00 = 1 
Computer: 140 Watt PC  
                Scale : 1 
17:00-19:00 = 2 
19:00-22:00 = 1 
 
 
Lights: 18m²  10W/m²  
17:00-19:00 = 1 









Zone A (WOHN) :   
 
Persons: VDI Act I+II /20°C                                             
                         Scale :  1 * 
01:00-02:00 = 1 
09:00-11:00 = 1 
15:00-16:00 = 1 
18:00-19:00 = 1 




Lights: 30m²  5W/m²  30%convective 
                         Scale:  0,33* 
01:00-02:00 = 1 
09:00-11:00 = 1 
15:00-16:00 = 1 
18:00-19:00 = 1 
20:00-21:00 = 1 
23:00-24:00 =1 
 
Wash:  10800*Laundry kj/hr            
                        Scale: 1* 
                           Laundry: 09:00-10:00 = 1            
                                             23:00-24:00 = 1            
 
Zone B (KLIMA-WOHN) :   
 
Persons: VDI Act I+II /23°C                                             
                         Scale :  1 * 
 
01:00-02:00 = 1 
09:00-10:00 = 1 
10:00-11:00 = 3 
11:00-12:00 = 1 
14:00-15:00 = 4 








Computer:  140Watt PC  






Lights: 54m²  5W/m²  30%convective 
                         Scale:  1* 
09:00-12:00 = 1  
14:00-24:00 = 1 
01:00-02:00 = 1 
       
Kueche:  3600*Kochen kj/hr            
                        Scale: 1 
                        Kochen: 
09:00-11:00 = 0.5  
14:00-15:00 =1  
20:00-21:00 =1 
 
Fridge:  Convective Power 72 kj/hr 
            
Zone C (OBERGESCHO) : 
 
Persons: VDI Act I+II /18°C   
                       Scale : 1 





Lights: 54m²  5W/m² 
08:00-10:00 = 1 





Zone D (KLIMA-OG) : 
Persons:  VDI Act I+II /18°C   






Computer: 140 Watt PC  
                Scale : 1 
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8.5.1 Internal Gains 
Internal gains are assumed to be proportional to the occupation rate of the hotel. The 
following yearly occupation schedule by month (percentage of the maximum) applies to 
any kind of internal gain (Figure 104). 
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Figure 104: Yearly schedule, percentage of the maximum internal gain value- Hotel 
8.5.1.1 People 
Maximum occupation of zones and heat rate dissipated per person (in accordance with 
ISO 7730 standard used in the simulation software, TRNSYS) are summarized in Table 41 
Moreover, daily occupation rate (percentage of the maximum) during the day is 
represented in Figure 105.  
 
Table 41: Occupation and heat rate per person and zone in the Hotel 
 Number of people Watts per person 
Restaurant 23 170 
Kitchen 2 305 
Common area 12 120 
Rooms 60 100 
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COMMON AREA ROOMS 
 
Figure 105: Daily occupation rate- Hotel 
 
8.5.1.2 Electric appliances and lighting 
 
Maximum electric load by comfort zones is summarized in  
Table 42. Moreover, daily utilization rate (percentage of the maximum) during the day is 
represented in Figure 106 
 
Table 42: Maximum electric load- Hotel 
 High efficient Low efficient 
 Electric load (W/m2) 
Restaurant 13 19 
Kitchen 100 100 
Common area 13 19 
Rooms 19 19 
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KITCHEN             RESTAURANT 
 
 
    COMMON AREA                 ROOMS 
 
 
Figure 106: Daily electric appliances utilization rate - Hotel 
8.5.2 Ventilation  
Ventilation is assumed to be proportional to the occupation rate of the hotel, so that the 
yearly occupation schedule applies (Figure 104). Maximum ventilation by comfort zones is 
summarized in  
Table 43. Air heat recovery efficiency is also shown.  
 
Table 43: Maximum ventilation and efficiency of the recuperator - Hotel 
 Air renov/h Recuperator efficiency (%) 
Restaurant 4 55 
Kitchen 15 0 
Common area 1 55 




Moreover, daily ventilation rate (percentage of the maximum) during the day is 
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Figure 107: Daily ventilation rate - Hotel 
8.5.3 Heating and cooling set-points 
All zones are air-conditioned, and the following temperature set-points have been 
assumed (see  
Table 44). Summer comfort conditions are less strict in the kitchen due to the high internal 
load and ventilation. 
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8.6 MFH 4 
8.6.1 Ventilation and shading 
- The building is naturally ventilated. A constant rate of 0.5 air changes per hour (ACH) has 
been considered to take into account the ventilation + infiltration.  
- No shading has been considered in the simulation. 
8.6.2 People 
- A maximum occupancy rate of 1 person each 33.3 m2 of gross area has been considered. 
8.6.3 Electric appliances and lighting 
- A maximum internal gain of 5.4 W/m2 of gross area, due to lighting, has been considered. 
- A maximum internal gain of 4.8 W/m2 of gross area, due to plug loads, has been 
considered. 
8.6.4 Heating and cooling setpoints 
- A hydronic system provides heating to each thermal zone. 
- Thermostat setpoint is 20ºC for heating 24 hours per day. 
 
8.7 MFH 1 
8.7.1 Ventilation and shading 
 
- The building is naturally ventilated. A constant rate of 0.5 air changes per hour (ACH) has 
been considered to take into account the ventilation + infiltration.  
- No shading has been considered in the simulation. 
8.7.2 People 
 
- A maximum occupancy rate of 1 person each 33.3 m2 of gross area has been considered. 
8.7.3 Electric appliances and lighting 
 
- A maximum internal gain of 5.4 W/m2 of gross area, due to lighting, has been considered. 
- A maximum internal gain of 4.8 W/m2 of gross area, due to plug loads, has been 
considered. 
8.7.4 Heating and cooling setpoints 
- A hydronic system provides heating and cooling to each thermal zone. 
- Thermostat setpoints are 20ºC for heating and 25.5ºC for cooling.  
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8.8 MFH 2 
8.8.1 Ventilation and shading 
- The building is naturally ventilated. A constant rate of 0.5 air changes per hour (ACH) has 
been considered to take into account the ventilation + infiltration.  
- No shading has been considered in the simulation.  
8.8.2 People 
- A maximum occupancy rate of 1 person each 33.3 m2 of gross area has been considered. 
 
8.8.3 Electric appliances and lighting 
- A maximum internal gain of 5.4 W/m2 of gross area, due to lighting, has been considered. 
- A maximum internal gain of 4.8 W/m2 of gross area, due to plug loads, has been 
considered. 
 
8.8.4 Heating and cooling setpoints 
- A hydronic system provides heating to each thermal zone. 
- Thermostat setpoint is 20ºC for heating. 
- The heating system is only active when the flat occupation rate is high (approx. from 
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8.9 MFH 3 
8.9.1 Internal Gains 
8.9.1.1 People 
Four persons are considered living in each apartment (total 40 people), having the 
following occupancy schedule for working days as well as for weekends. Figure 108 shows 
the occupancy schedule (in percentage of the maximum value). Every person is assumed 
to dissipate a 120 W heat rate (in accordance with the German VDI 2078 standard).  
     BEDROOM (WORKDAY)     BEDROOM (WEEKEND) 
 
 




       SERVICES (WORKDAY)       SERVICES (WEEKEND) 
 
 
Figure 108: Occupation schedules of each zone, for the MFH3 
8.9.1.2 Electric appliances and lighting 
Internal lighting loads range from 5 (bedroom) to 10 W/m2 (dining room and services).  
8.9.2 Ventilation 
Ventilation rate is 0.7 air renovations/h for the whole building. 
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8.9.3 Heating and cooling set-points 
The temperature set-points are defined, taking into account the room type to be 
conditioned and the hour of the day. Thus: 
a) Heating period: 20 °C from 8h to 22h in all rooms.  
b) Cooling period:  
 22ºC from 18-22h and 30ºC from 0-18 h and 22-24 h in the bedrooms. 





8.10 Office 1 
8.10.1 Ventilation and shading 
- The building is mechanically ventilated and features no heat recovery. A constant rate of 
9 litres/(person*second), when the building is occupied. Infiltration was considered to be 
0.5 air changes per hour (ACH). 
- No shading has been considered in the simulation.  
8.10.2 People 
- A maximum occupancy rate of 1 person each 20 m2 of gross area has been considered in 
the offices. The area allocated to offices is about the 70% of the total gross area.  
 
8.10.3 Electric appliances and lighting 
- A maximum internal gain of 13.4 W/m2 of gross area, due to lighting, has been 
considered for the office area. 
- A maximum internal gain of 11.5 W/m2 of gross area, due to plug loads, has been 
considered for the office area. 
8.10.4 Heating and cooling setpoints 
- A hydronic system provides heating and cooling to each thermal zone. 
- Thermostat setpoint is 21.1ºC for heating and 24.4ºC for cooling 
- It has been considered that the HVAC system works from 6:00 to 18:00, during working 
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8.11 Office 2 
8.11.1 Internal Gains 
8.11.1.1 People 
Sixty six people are assumed to work every working day in the whole reference building. It 
is also assumed that nobody works on holydays and weekends.  
 
Figure 109 shows the occupancy schedule (in percentage of the maximum value). Every 
person is assumed to dissipate a 120 W heat rate (in accordance with the German VDI 
2078 standard).  
 
  
Figure 109: Daily personnel presence (left) and internal gains from personnel 
(right) in Office 2 building 
  
  
Figure 110: Occupation schedules of each zone, for the Office2 building 
8.11.1.2 Electric appliances and lighting 
For the 66 persons working at the office, 70 pc units are installed. This means one unit is 
installed per 13m2 units. For this office density the ASHRAE recommendation is an 
equipment factor of 5.4-10.8 W/m2 
Internal lighting loads were taken as 9W/m² for the high efficiency office and 22.5W/m² 
for the low efficiency office.  
Thus, internal loads due to electric appliances and lighting have been taken to be 22 W/m2 
in the “high efficiency” buildings and 30 W/m2 in the “low efficiency” buildings, from 7:00 




















































Time of the day
Occupation internal loads
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8.11.2 Ventilation 
Ventilation rate is 0.8 air renovations/h for the whole building. 
8.11.3 Heating and cooling set-points 
Heating:  
Office areas: 6:00-20:00 21°C  20:01-05:59 15°C 
Common areas: 6:00-20:00 19°C  20:01-05:59 15°C 
Cooling:  
Office areas: 6:00-20:00 25°C  20:01-05:59 30°C 
Common areas: 6:00-20:00 27°C  20:01-05:59 30°C 
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8.12 Annex A:  Envelope characteristics  
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1 ΕΛΛΗΝΙΚΟ ΚΕΙΜΕΝΟ 
1.1 Κι νητρα  
Η ανθρωπότητα κατάφερε στο τελευταίο αιώνα να αφήσει το αποτύπωμα  της στον 
πλανήτη γη εξαντλώντας πολλούς φυσικούς πόρους, με τη εκμετάλλευση των δασών και 
τη ρύπανση του εδάφους, των υδάτων και της ατμόσφαιρας. Ειδικότερα η αύξηση των 
εκπομπών αερίων που προκαλούν το φαινόμενο του θερμοκηπίου έχει φθάσει σε πολύ 
υψηλές τιμές και οδηγεί σιγά αλλά σταθερά στην αλλαγή του κλίματος. Η κλιματική 
αλλαγή αναμένεται να επιδεινωθεί με σοβαρές επιπτώσεις στον ωκεανό, τη θερμοκρασία, 
την εξαφάνιση πολλών ειδών ζώων και με εκδήλωση καιρικών φαινομένων που 
επηρεάζουν την ανθρώπινη ζωή και τη διαθεσιμότητα φαγητού.  (Lu et al. 2007, 
Battisti&Naylor Arroyo 2006) 
 Για να αντιμετωπισθεί αυτό, πρέπει να ληφθούν δράσεις για να περιοριστεί η 
κατανάλωση ορυκτών καυσίμων και να μειωθούν οι εκπομπές αερίων θερμοκηπίου. Τα 
βήματα πρέπει να είναι προς την κατεύθυνση της ανάπτυξης αποτελεσματικότερων 
συστημάτων, που χρησιμοποιούν αποδοτικότερα τα καύσιμα, προς τη χρήση 
περισσότερων ανανεώσιμων πηγών ενέργειας και την αύξηση της ενεργειακής 
αποδοτικότητας. Τα θερμικά απόβλητα πρέπει να περιοριστούν ή να χρησιμοποιηθούν σε 
άλλες διεργασίες. (Rezaie & Rosen 2012) 
Ευφυή συστήματα απαιτούνται, που να αξιοποιούν το μέγιστο της θερμιδικής ικανότητας 
του καυσίμου και που να οδηγούν στον περιορισμό της κατανάλωσης πρωτογενούς 
ενέργειας. 
Οι θερμοηλεκτρικοί σταθμοί για παράδειγμα, δεν μετατρέπουν όλο το ποσό της χημικής 
ενέργειας που είναι ενσωματωμένο στο καύσιμο σε ηλεκτρισμό. Το μεγαλύτερο ποσοστό 
χάνεται ως "θερμικά απόβλητα" της διαδικασίας παραγωγής ηλεκτρικής ενέργειας. Ο 
βαθμός απόδοσης παραγωγής ηλεκτρικής ενέργειας από άνθρακα είναι μεταξύ οι 32-
42%, οι κινητήρες ντίζελ έχουν αποδόσεις 35-42% και οι εγκαταστάσεις πυρηνικής 
ενέργειας 38% (θερμική απόδοση του κύκλου). (Zactruba & Scudder 2010). 
Εάν όμως αξιοποιηθεί η απορριπτόμενη θερμότητα, αποδόσεις έως 80% μπορεί να 
επιτευχθούν (Oak Ridge National Laboratory το 2008).Αυτό σημαίνει, ότι αντί να 
καταναλώνονται επιπλέον καύσιμα για να καλυφθεί η ζήτηση θερμότητας,  μπορεί να 
χρησιμοποιηθεί αποτελεσματικά η θερμότητα που θα χανόταν μέσω καπνοδόχων ή νερού 
ψύξης των εγκαταστάσεων παραγωγής ηλεκτρικής ενέργειας.  
Μονάδες συμπαραγωγής θερμότητας και ηλεκτρισμού, (μ-ΣΗΘ) , είναι μονάδες που 
μπορούν να εγκατασταθούν στο κτήριο και αντί να καταναλώνουν καύσιμο μόνο για 
θέρμανση, να παράγουν ηλεκτρική ενέργεια αλλά και θερμότητα για την κάλυψη των 
αναγκών των κτηρίων για θέρμανση και ζεστό νερό χρήσης. 
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Οι μονάδες μικροσυμπαραγωγής μπορούν να μειώσουν τις εκπομπές (Pehnt 2008) CO2 
των κτηρίων. Τοπικά δίκτυα που χρησιμοποιούν μονάδες CHP και φωτοβολταϊκά 
συστήματα έχουν μεγάλη δυνατότητα ελαχιστοποίησης των εκπομπών αερίων που 
προκαλούν το φαινόμενο του θερμοκηπίου.(Nosrat et al. 2014)  
 
Οι τεχνολογίες CHP έχουν σήμερα δύο μειονεκτήματα· έχουν υψηλό κόστος χρήσης και 
πρέπει να λειτουργούν πολλές ώρες για να λειτουργήσουν αποδοτικά και να καταστούν 
οικονομικά βιώσιμες. Παρόλο που η τιμή των μονάδων μειώνεται σταδιακά, πολλές ώρες 
λειτουργίας είναι ακόμη απαραίτητες για να επιτευχθούν υψηλές μέσες αποδόσεις και 
μείωση εκπομπών. Η μείωση των εκπομπών του διοξειδίου του άνθρακα προϋποθέτει την 
επίτευξη υψηλών βαθμών απόδοσης (Εικόνα 1). 
  
 
Εικόνα 1: μείωση του CO2 σε σχέση με τη συνολική αποδοτικότητα του ΣΗΘ στο 
Ηνωμένο Βασίλειο. (Carbon Trust 2005) 
Στην έρευνα Carbon Trust  που ξεκίνησε το 2003, έχει αποδειχθεί ότι η μέση 
αποδοτικότητα των μ-ΣΗΘ  επηρεάζεται αρνητικά από συχνές εκκινήσεις, που προκαλούν 
σπατάλη ενέργειας για προθέρμανση, εξαιτίας της θερμικής αδράνειας, οι οποίες είναι 
πολύ υψηλότερες για μ-ΣΗΘ συστήματα, σε σύγκριση με τους συμβατικούς λέβητες. 
Εξάλλου η έρευνα έδειξε ότι η ηλεκτρική ζήτηση των κατοικιών,  είναι τις περισσότερες 
φορές χαμηλότερη από την ηλεκτρική έξοδο των μονάδων μ-ΣΗΘ και το προφίλ της 
καμπύλης ηλεκτρικής ζήτησης παρουσιάζει πολύ απότομες μεταβολές και υψηλές 
μέγιστες τιμές. Λόγω της χαμηλής ικανότητας των μονάδων μ-ΣΗΘ να μεταβάλουν την 
αποδιδόμενη ισχύ τους και οι περιορισμοί όσον αφορά την ελάχιστη δυνατή ισχύ και 
εφόσον η ηλεκτρική ενέργεια δεν είναι τόσο εύκολα και οικονομικά αποθηκεύσιμη, δεν 
επιτυγχάνεται κάλυψη μεγάλου μέρους της ηλεκτρικής ζήτησης και άρα επαρκής 
εξοικονόμηση εκπομπών διοξειδίου. 
Επιπλέον, σύμφωνα με τους (Boait et al. 2006) ο τρόπος ζωής και συμπεριφοράς των 
χρηστών ενός κτηρίου, σχετικά με τις ρυθμίσεις του θερμοστάτη και τη χρήση των 
ηλεκτρικών συσκευών, επηρεάζουν την απόδοση της συμπαραγωγής και την οικονομική 
τους βιωσιμότητα. 
Πολλές προσεγγίσεις που έχουν γίνει για την αντιμετώπιση της μεταβλητότητας της 
θερμικής ζήτησης  και την πλήρη αβεβαιότητα της ηλεκτρικής ζήτησης. 
Θερμικές προσεγγίσεις:  
 Η μονάδα μ-ΣΗΘ χρησιμοποιείται για να καλύψει την ζήτηση θερμότητας του 
κτηρίου. Η παραγόμενη ηλεκτρική ενέργεια πωλείται στην δημόσια επιχείρηση 
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ηλεκτρισμού με βάση κάποιο τιμολόγιο. Στις περισσότερες περιπτώσεις, επειδή η 
θερμική ισχύς των μονάδων δεν είναι αρκετά υψηλή για να καλύψει τις μέγιστες 
τιμές, και επειδή η ζήτηση θερμότητας των κτηρίων μπορεί να είναι πολύ χαμηλή ή 
μηδενική, χρησιμοποιούνται δεξαμενές αποθήκευσης θερμότητας. 
 Μια άλλη μέθοδος είναι η χρήση των μονάδων ώστε να ακολουθούν την ζήτηση 
θερμότητας και ο παραγόμενος ηλεκτρισμός να καλύπτει τη βασική ηλεκτρική 
ζήτηση (σε αυτήν την περίπτωση, οι μονάδες υποδιαστασιολογούνται σε σχέση με 
την ηλεκτρική απαίτηση), ή να χρησιμοποιείται για τη λειτουργία αντλίας 
θερμότητας ή ενός θερμαντήρα νερού για θέρμανση νερού χρήσης. 
 
Ηλεκτρικές προσεγγίσεις:  
 Σε κάποιες στρατηγικές τα μ-ΣΗΘ ακολουθούν την καμπύλη της ηλεκτρικής 
ζήτησης, αγνοώντας τα θερμικά φορτία. Η συμπαραγώμενη θερμότητα 
αποθηκεύεται σε δεξαμενές αποθήκευσης θερμότητας, οι οποίες χρησιμοποιούνται 
για την κάλυψη της ζήτησης για θέρμανση ή ζεστό νερό χρήσης. 
 Μια άλλη προσέγγιση περιλαμβάνει σταθερότερη λειτουργία των μ-ΣΗΘ και χρήση 
μπαταριών αλλά και δεξαμενών αποθήκευσης θερμότητας. Η λειτουργία πάλι 
στοχεύει πρωτευόντως στην ηλεκτρική ζήτηση. 
Μια νέα και πολλά υποσχόμενη στρατηγική είναι, είναι η προτεινόμενη που εξετάζεται 
στην παρούσα εργασία: Η διασύνδεση πολλών καταναλωτών με διαφορετική θερμική και 
ηλεκτρική ζήτηση, με μικρές μονάδες συνδυασμένης παραγωγής μέσω ενός θερμικού 
δικτύου και του δικτύου ηλεκτροδότησης.  Το όφελος αυτού του κόνσεπτ είναι η 
διακύμανση των διαφόρων προφίλ της ζήτησης, η οποία ενεργεί εξομάλυνση της 
συνολικής ζήτησης που πρέπει να καλυφθεί από τις μονάδες. Αυτό δίνει μια πιο σταθερή 
λειτουργία των μονάδων συμπαραγωγής, με λιγότερες εκκινήσεις και διακοπές 
λειτουργίας και οδηγεί σε αύξηση της συνολικής αποδοτικότητας και σε υψηλότερη 
εξοικονόμηση εκπομπών διοξειδίου άνθρακα. Επιπλέον η μικτού τύπου συνοικία με 
πολλούς χρήστες και τις διαφορετικές ανάγκες προφίλ επιτρέπει τη υποδιαστασιολόγηση 
των μονάδων και τη μειωμένη ανάγκη για εφεδρικούς λέβητες θέρμανσης και δεξαμενές 
αποθήκευσης. Οι καταναλωτές της κοινότητας κινούνται μέσα στην κοινότητα και η 
«ζήτηση» τους, τους ακολουθεί. Επειδή όλα τα CHP διασυνδέονται, πρακτικά η «θερμική 
παραγωγή» τους, τους ακολουθεί και καλύπτει την ζήτηση. Έτσι, σε αντίθεση με μια 
συμβατική περιοχή , που ένα άτομο έχει ένα λέβητα στο σπίτι ο οποίος λειτουργεί μόνο 
όταν είναι στο σπίτι, και έναν άλλο λέβητα στο γραφείο του , ο οποίος λειτουργεί μόνο 
όταν είναι στο γραφείο του (την ίδια χρονική στιγμή που ο λέβητας σπίτι είναι 
απενεργοποιημένος) , στην προτεινόμενη κοινοτική τηλεθέρμανση, η μονάδα μ-ΣΗΘ που 
βρίσκεται σπίτι του, του παρέχει ζέστη και ηλεκτρισμό («σε θεωρητικό βαθμό») ενώ 
αυτός μετακινείται στα κτήρια της κοινότητας (από σπίτι στο γραφείο, μαγαζί κλπ) . 
Αυτό μπορεί να μεταφραστεί σε λιγότερες μονάδες με πολύ περισσότερες ώρες 
λειτουργίας, το οποίο, όπως αναφέρθηκε πριν, είναι απαραίτητο για την επίτευξη υψηλής 
μέσης απόδοσης και αυξημένης εξοικονόμησης. 
 
Για τη διαστασιολόγηση και την εγκατάσταση μονάδων συμπαραγωγής σε μια ομάδα 
κτηρίων ή μια περιοχή, πρέπει να προσομοιωθεί μέσω λογισμικού υπολογιστή η 
κατανάλωση και συμπεριφορά της περιοχής και η λειτουργία των μονάδων CHP. Για αυτό 
το λόγο αναπτύχθηκε στα πλαίσια αυτής της διδακτορικής διατριβής το λογισμικό 
DEPOSIT (District hEat POwer SImulation Tool) στο εργαστήριο ετερογενών μειγμάτων 
και συστημάτων καύσης. Το λογισμικό κάνει υπολογιστική προσομοίωση της ενεργειακής 
ζήτησης της συνοικίας και της λειτουργίας των μονάδων συμπαραγωγής. Οι υπολογισμοί 
γίνονται με ωριαίο βήμα. Υπολογίζει τη συνολική ζήτηση θερμότητας της συνοικίας, 
συμπεριλαμβανομένων των θερμικών απωλειών των σωληνώσεων. Ο στόχος είναι να 
καλύψει τις ηλεκτρικές και θερμικές ανάγκες της περιοχής. Χρησιμοποιώντας το DEPOSIT 
o μηχανικός, το κράτος ή μια ενεργειακή εταιρεία που επιθυμεί να επενδύσει σε ένα 
κόνσεπτ συμπαραγωγής, μπορεί να εξετάσει διάφορες τεχνολογίες CHP, διαφορετικό 
αριθμό μονάδων, εφεδρικά συστήματα θέρμανσης, προκειμένου να βελτιστοποιήσει το 
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περιβαλλοντολογικό ή το οικονομικό όφελος. Η διαστασιολόγηση μπορεί προσαρμόζεται 
στο επιθυμητό αποτέλεσμα. Επιπλέον, ο αλγόριθμος μπορεί να επεκταθεί για να 
συμπεριλάβει συστήματα ανανεώσιμων πηγών ενέργειας όπως τα ηλιοθερμικά και 
φωτοβολταϊκά πάνελ.  
Επιπλέον, με τη χρήση σύγχρονων υπολογιστικών συστημάτων, η βελτιστοποίηση της 
λειτουργίας της κοινότητας και των συστημάτων συμπαραγωγής μπορεί να επιτευχθεί. 
Με τη χρήση νευρωνικών δικτύων γίνεται πρόβλεψη της μελλοντικής ζήτησης 
θερμότητας/ηλεκτρισμού. Γνωρίζοντας την εξέλιξη της ζητούμενης ενέργειας για μερικές 
ώρες στο μέλλον, η λειτουργία των μονάδων συμπαραγωγής μπορεί να ρυθμιστεί έτσι, 
ώστε η αντικειμενική συνάρτηση (κόστος ή πρωτογενής ενέργεια) να ελαχιστοποιηθεί για 
μεγαλύτερο χρονικό διάστημα(αντί για ένα μόνο χρονικό βήμα, η πρόβλεψη επιτρέπει 
βελτιστοποίηση για πολλές ώρες). Επιπλέον, η ζήτηση θερμότητας μπορεί να καλυφθεί, 
ακόμη και με λιγότερες μονάδες, φορτίζοντας τις  δεξαμενές αποθήκευσης εκ των 
προτέρων, ώστε να αντιμετωπίσουν υψηλές τιμές ζήτησης στο μέλλον. Η πρόβλεψη 
μπορεί επίσης να χρησιμοποιηθεί για την πρόβλεψη της ηλιακής συνεισφοράς (αν 
εξετάζονται και ηλιακά συστήματα), η οποία θα έχει αντίκτυπο στην λειτουργία των μ-
ΣΗΘ στο μέλλον και τώρα.  
Η προσομοίωση του τοπικού δικτύου συμπαραγωγής σαν σύνολο, μπορεί να βοηθήσει 
στη σωστή διαστασιολόγηση των μονάδων συμπαραγωγής και των συστημάτων με 
ιδανικό τρόπο και να δοκιμαστούν διάφορες στρατηγικές λειτουργίας. Αυτό αναδεικνύει 
μία νέα προσέγγιση στη διαστασιολόγηση και βελτιστοποίηση και δίνει τη δυνατότητα 
μικρότερων υποδομών, σε σχέση με μία συμβατική προσέγγιση χωρίς συνολική 
προσομοίωση.  
Αυτό μπορεί να βοηθήσει προς την κατεύθυνση της πιο αποδοτικής λειτουργίας, με , 
εξοικονόμηση πρωτογενούς ενέργειας, υλικών και CO2, με καλύτερη οικονομική 
βιωσιμότητα, χωρίς υψηλό επενδυτικό κόστος και κινδύνους.  
  
 
1.2 Περιγραφη  ενεργειακα  ανεξα ρτητης συνοικι ας  
Το τελευταίο διάστημα η φράση ενεργειακή ανεξαρτησία ή μηδενικής ενέργειας 
κτήριο/συνοικία χρησιμοποιείται πολύ συχνά. Ο όρος ενεργειακή ανεξαρτησία μπορεί να 
έχει δύο σημασίες.  
c) Η πρώτη αναφέρεται, με βάση την κοινή λογική, σε ένα κτήριο ή σε περιοχή που 
είναι εντελώς απομονωμένη από τον υπόλοιπο του πολιτισμό, όσον αφορά τη 
θερμική και ηλεκτρική διασύνδεση. Αυτό μπορεί να συμβαίνει σε μικρά νησιά ή 
απομακρυσμένες τοποθεσίες, οι οποίες δεν μπορούν να συνδεθούν μέσω γραμμών 
ισχύος στο δίκτυο και αναγκαστικά έχουν τις δικές τους μονάδες παραγωγής 
ρεύματος. Επίσης, η θερμότητα παράγεται τοπικά. 
d) Η δεύτερη και η πιο συνηθισμένη περίπτωση είναι τα κτήρια που ναι μεν είναι 
συνδεδεμένα μέσω γραμμών ισχύος στο δίκτυο , αλλά ιδιοπαράγουν ηλεκτρική 
ενέργεια μεγαλύτερη ή ίση από την ετήσια συνολική ζήτηση, ή, στην περίπτωση 
κτηρίων μηδενικής ενέργειας , καταναλώνουν την ίδια ποσότητα ενέργειας που 
παράγουν σε ετήσια βάση με ανανεώσιμες πηγές. Το ισοζύγιο διατηρείται σε ετήσια 
διαστήματα, αλλά κατά τη διάρκεια του έτους, ενεργούν ενίοτε ως καταναλωτές 
και σε άλλες περιόδους, ως προμηθευτές. Κτήρια και περιοχές που παράγουν 
περισσότερη ενέργεια απ' ότι καταναλώνουν ονομάζονται "Plus energy 
buildings". (Paul Torcellini et al. 2006) 
H ιδέα που περιγράφεται στην παρούσα εργασία είναι μία κοινότητα αποτελούμενη από 
ένα μείγμα από κτήρια, που διασυνδέονται μέσω ενός θερμικού δικτύου και του δικτύου 
ηλεκτρικής ενέργειας. Το ηλεκτρικό δίκτυο είναι συνδεδεμένο με το δημόσιο δίκτυο και 
επιτρέπει είτε ιδιοκατανάλωση του παραγόμενου ηλεκτρισμού, είτε την εξαγωγή του 
προς το ηλεκτρικό δίκτυο, ή εάν η ηλεκτρική ζήτηση είναι πολύ υψηλή την εισαγωγή και 
αγορά ρεύματος από αυτό. Ανάλογα με τον αριθμό των μονάδων συμπαραγωγής, η 
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περιοχή μπορεί να είναι είτε μηδενική ενεργειακή περιοχή, ή “plus energy district ή, αν το 
σύστημα δεν έχει το απαιτούμενο μέγεθος, μία κοινότητα που δεν καλύπτει όλες τις 
ανάγκες ηλεκτρικής ενέργειας αυτόνομα.  
1.3 Αποκεντρωμε νη παραγωγη  ηλεκτρικη ς ενε ργειας και 
συμπαραγωγη  θερμο τητας  
Η εξοικονόμηση ενέργειας στον κτιριακό τομέα είναι πολύ σημαντική, δεδομένου ότι τα 
κτήρια είναι υπεύθυνα για το 40% της κατανάλωσης πρωτογενούς ενέργειας στην 
Ευρωπαϊκή Ένωση. Έτσι, η οδηγία 2010/31/ΕΕ για την ενεργειακή απόδοση κτηρίων 
απαιτεί ότι από το 2020, όλα τα νέα κτήρια θα πρέπει να είναι "σχεδόν μηδενικής 
ενέργειας"(Mandley et al. 2015). Ως εκ τούτου, καθώς κινούμαστε προς αυτό το στόχο, 
κατασκευάζουμε σπίτια με πολύ υψηλά πρότυπα μονώσεων και πολύ χαμηλή ζήτηση 
θερμότητας. Η συμπαραγωγή μπορεί να παρέχει υψηλή ενεργειακή εξοικονόμηση και 
αποτελεσματικότητα στην παραγωγή θερμότητας και ηλεκτρισμού, σε σύγκριση με τις 
συμβατικές τεχνολογίες. Η ανάπτυξη μικρών μονάδων συμπαραγωγής υψηλής 
αποδοτικότητας, συμπεριλαμβανομένων των κινητήρων εσωτερικής καύσης, κινητήρων 
Stirling και κυψελών καυσίμου, επιτρέπει στη χρήση της συμπαραγωγής και σε επίπεδο 
κτηρίου.(Wakui & συγγραφέας Masayoshi 2012). Επιπλέον, η εξέλιξη και η προσιτότητα 
των ανανεώσιμων πηγών ενέργειας,  έχει οδηγήσει στην πολύ συχνή εγκατάσταση 
ηλιακών και φωτοβολταϊκών συστημάτων. 
Η κεντρική παραγωγή ηλεκτρικής ενέργειας σχετίζεται με υψηλό κόστος, λόγω του 
κόστους επένδυσης για τις εγκαταστάσεις παραγωγής ηλεκτρικής ενέργειας, και τα 
μεγάλα δίκτυα μεταφοράς και διανομής που απαιτούνται και που πρέπει να φτάσουν 
ακόμα και σε ιδιαίτερα απομακρυσμένες περιφέρειες. Επιπλέον, η ευρεία χρήση των 
ορυκτών καυσίμων για την ηλεκτροπαραγωγή οδηγεί σε αύξηση των ρύπων και των 
αερίων του θερμοκηπίου. Μια λύση θα μπορούσε να είναι η χρήση μονάδων 
συμπαραγωγής πολύ μικρής κλίμακας, η οποία μπορεί παράγει θερμική και ηλεκτρική 
ενέργεια παράλληλα, επιτυγχάνοντας μικρές απώλειες και πολύ υψηλή συνολική 
απόδοση.  
Η αποκεντρωμένη μίκρο-συμπαραγωγή, μπορεί να μειώσει τις εκπομπές, να μειώσει την 
απαιτούμενη ισχύς του δικτύου, και να αυξήσει την αποδοτικότητα. Ωστόσο η εκτεταμένη 
εφαρμογή της συμπαραγωγής, θα απαιτούσε βασικές αλλαγές στο δίκτυο μετάδοσης και 
στις κεντρικές μονάδες παραγωγής, καθώς και στα μοτίβα λειτουργίας. (Streimikiene & 
Baležentis 2013) 
Διάφοροι ερευνητές μελέτησαν την οικονομία (Thomas 2008 ;Staffell et al. 2008; Peacock 
& Newborough 2005) , και την μείωση εκπομπών με μ-ΣΗΘ μονάδες (Staffell et al. 2008; 
Pilavachi et al. 2006 ; Bianchi et al. 2012; Ren & Gao 2010 ; Peacock & Newborough 
2005). Η συμπαραγωγή είναι εξαρτημένη από την εξέλιξη της τιμής του φυσικού 
αερίου.(Thornton & Monroy 2011). Αν οι τιμές του φυσικού αερίου αυξηθούν αλλά τιμή 
ηλεκτρικής ενέργειας παραμένει σταθερή, η αξία του CHP μειώνεται, όπως απεικονίζεται 
στην εικόνα 2. 
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Εικόνα 2 : Αποτέλεσμα της τιμής καυσίμου στο μερίδιο αγοράς CHP (Bryson et al. 
2001).   
1.3.1 Κίνητρα  για μικρο-συμπαραγωγή 
Πολλοί παράγοντες επηρεάζουν την απόφαση σχετικά με το αν πρέπει να υιοθετηθούν 
τεχνολογίες μ-ΣΗΘ και ποιο θα είναι το μερίδιο αγοράς τους σε μια χώρα. Οι επενδυτές 
έχουν διαφορετικούς στόχους, κίνητρα και εμπόδια ανάλογα με την γενική κατάσταση 
και το οικονομικό και γενικότερο περιβάλλον. Επίσης οι ιδιώτες πελάτες δεν έχουν την 
ίδια αποδοχή προς τις νέες τεχνολογίες παντού, έχουν διαφορετικές οικονομικές 
δυνατότητες και την ανάγκες. Η παραγωγή ενέργειας επηρεάζεται από πολιτικούς, 
οικονομικούς, κοινωνικούς και τεχνολογικούς παράγοντες, που διαδραματίζουν επίσης 
σημαντικό ρόλο στην διείσδυση και εφαρμογή της αποκεντρωμένης συνδυασμένης 
παραγωγής θερμότητας και ηλεκτρικής ενέργειας. Η κυβέρνηση του Ηνωμένου Βασιλείου, 
για παράδειγμα, προκειμένου να δώσει κίνητρα για μικροσυμπαραγωγή, μείωσε το ΦΠΑ 
που πληρώνουν τα νοικοκυριά για συστήματα συμπαραγωγής, από 17,5% στο 5%. (Kuhn 
et al. 2008). Οι παράγοντες  "PEST" αποτελούν το περιβάλλον της παραγωγής ενέργειας 
και επηρεάζουν τις αποφάσεις που αφορούν την αποκεντρωμένη παραγωγή, 
συνοψίζονται στον πίνακα 1. 
Πίνακας 1: Παράγοντες που επηρεάζουν της αποφάσεις παραγωγής 
ενέργειας (Alanne 2004)  
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1.3.2 Καινοτόμα στοιχεία της διατριβής 
Οι στόχοι του προγράμματος 2030 της Ευρωπαϊκής Ένωσης, περιλαμβάνουν 40% μείωση 
των εκπομπών αερίου και  27% βελτίωση στην ενεργειακή αποδοτικότητα μέχρι το  έτος 
2030 (1.1.2). Αυτό, σε συνδυασμό με τις πρόσφατες εξελίξεις στην τεχνολογίες ΣΗΘ, που 
περιλαμβάνουν μονάδες με μικρή θερμική και ηλεκτρική έξοδο και μονάδες με την 
ικανότητα να μεταβάλουν την ισχύ τους, ήταν η αφορμή για την δημιουργία της 
παρούσας διατριβής.  
Ο γενικός στόχος είναι να εξεταστούν οι δυνατότητες των μ-ΣΗΘ για εξοικονόμηση 
ενέργειας και κόστους σε διασυνδεδεμένες περιοχές, μέσω θερμικών και ηλεκτρικών 
δικτύων. Η προσέγγιση βασίζεται στην ανάπτυξη του θερμικά καθοδηγούμενων 
στρατηγικών λειτουργίας, αξιοποιώντας τις δυνατότητες βαθμιαίας μεταβολής ισχύος 
των μ-ΣΗΘ και τις διαφορετικές ενεργειακές απαιτήσεις των διαφόρων τύπων κτηρίων 
(που παρουσιάζεται μέσω των προφίλ χρήσης). Οι στρατηγικές λειτουργίας 
συνδυάζονται με την τιμή αγοράς ηλεκτρισμού και με συντελεστές πρωτογενούς 
ενέργειας βασιζόμενους στη πραγματική σύνθεση της ηλεκτροπαραγωγής. Υλοποιούνται 
προβλέψεις θερμικής και ηλεκτρικής ζήτησης με τη βοήθεια νευρωνικών δικτύων για την 
περαιτέρω βελτιστοποίηση της λειτουργίας των μ-ΣΗΘ και της χρήσης των δεξαμενών 
αποθήκευσης ενέργειας. 
Προκειμένου να αντιμετωπίσει τις παραπάνω προκλήσεις, αναπτύχθηκε στα πλαίσια της 
διατριβής εξειδικευμένο λογισμικό, με την ονομασία DEPOSIT. Το DEPOSIT προσομοιώνει 
τις ενεργειακές απαιτήσεις και την λειτουργία των διασυνδεδεμένων συνοικιών, 
λαμβάνοντας υπόψη την δομή και τα χαρακτηριστικά της περιοχής και τα 
χαρακτηριστικά των μ-ΣΗΘ, σε συνδυασμό με τις θερμικές απώλειές σωληνώσεων και 
των δεξαμενών, τις πτώσεις πίεσης δίκτυο και άλλες παραμέτρους για διαφορετικά 
κτήρια και χαρακτηριστικά.  Το λογισμικό DEPOSIT δημιουργήθηκε στο περιβάλλον 
MATLAB (MathWorks 2013). Για να επικυρωθούν και να δοκιμαστούν οι δυνατότητες του 
προγράμματος, έγιναν προσομοιώσεις με το  TRNSYS (Solar Energy Laboratory 2014) για 
διαφορετικούς τύπους κτηρίων και χρησιμοποιήθηκαν στο DEPOSIT, μαζί με διαφορετική 
σύνθεση συνοικίας, σε δύο πόλεις (Αθήνα και Μόναχο), προκειμένου να ληφθούν 
αποτελέσματα για το ενεργειακό ισοζύγιο, την λειτουργία των μονάδων, την κατανάλωση 
και το κόστος.  
Η πλειονότητα των διαθέσιμων προσεγγίσεων και αλγορίθμων που αφορούν τη 
συμπαραγωγή ή το σχεδιασμό ενός δικτύου, επικεντρώνονται σε συγκεκριμένες πτυχές, 
όπως η ελαχιστοποίηση του κόστους, και χρησιμοποιούνται για μεμονωμένες μονάδες ή 
ενιαία κτήρια. Κάποιες προσεγγίσεις βασίζονται σε επιδοτούμενα τιμολόγια και αγνοούν 
την αστάθεια της αγοράς ενέργειας, ή απλά δημιουργούν κάποια έτοιμα λειτουργικά 
μοτίβα που πρέπει να ακολουθηθούν. 
Το DEPOSIT αναπτύχθηκε για να γεμίσει το κενό στις θερμικά καθοδηγούμενες 
στρατηγικές και να παρουσιάσει νέες εναλλακτικές λύσεις όσον αφορά τον έλεγχο των 
μονάδων και τη χρήση των δοχείων αποθήκευσης. 
Τα νέα χαρακτηριστικά που περιλαμβάνονται στο λογισμικό DEPOSIT μπορούν να 
συνοψιστούν ως εξής: 
•Ανάπτυξη δύο νέων στρατηγικών λειτουργίας με βάση το κόστος, σε συνδυασμό με την 
έξυπνη χρήση αποθήκευσης.  
•Ανάπτυξη δύο πρωτοπόρων θερμικά καθοδηγούμενων στρατηγικών ελαχιστοποίησης 
πρωτογενούς ενέργειας. 
Κεφάλαιο 1: Ελληνικο κειμενο 
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•Ανάλυση της αποδοτικότητας και του ενεργειακού ισοζυγίου των μ-ΣΗΘ, σε πραγματικές 
συνθήκες λειτουργίας. Έτσι, κάθε ωριαίο βήμα εξετάζεται σε χρονική σειρά, όπου η 
παρελθοντική ζήτηση και λειτουργία των μονάδων είναι γνωστή και επηρεάζει τη 
μελλοντική λειτουργία, ενώ η μελλοντική ζήτηση είναι άγνωστη, και μπορεί μόνο να 
προβλεφθεί για περιορισμένα βήματα στο μέλλον.  
•Εξέταση  πέντε διαφορετικών στρατηγικών και ανίχνευση των πλεονεκτημάτων ή 
μειονεκτημάτων της κάθε μίας. Μετά από μια προσομοίωση, ο χρήστης μπορεί να 
τροποποιήσει ορισμένες παραμέτρους της συνοικίας, όπως τις μονάδες μ-ΣΗΘ, τον αριθμό 
και ποικιλία των κτηρίων και να επανεκτελέσει την προσομοίωση.  
H ερευνητική εργασία που πραγματοποιήθηκε στην παρούσα διατριβή, δημιούργησε ένα 
πρωτοποριακό, ιδιαίτερα ευέλικτο και λεπτομερές υπολογιστικό εργαλείο (DEPOSIT), με 
ισχυρές δυνατότητες για την εφαρμογή του στη διαχείριση ενέργειας και κόστους σε 
ανεξάρτητες συνοικίες. 
 
1.3.3 Δομή της διατριβής  
Η παρούσα διατριβή επικεντρώνεται κυρίως στην παρουσίαση του λογισμικού DEPOSIT, 
που δημιουργήθηκε από τον συγγραφέα για την προσομοίωση θερμικών δικτύων που 
εξυπηρετούνται από διάφορες τεχνολογίες μ-ΣΗΘ με διαφορετικές στρατηγικές. Το 
θεωρητικό υπόβαθρο, για την ενεργειακά αποδοτική λειτουργία των συνοικιών, που ήταν 
απαραίτητο για την ανάπτυξη του λογισμικού, παρουσιάζεται μέσω των διαφόρων 
χαρακτηριστικών του λογισμικού, όπως ο αλγόριθμος, οι στρατηγικές λειτουργίας και οι 
υπολογισμοί παραγωγής και ζήτησης.   
Στόχος αυτής της διατριβής ήταν να αναπτύξει και να παρουσιάσει ένα ολοκληρωμένο 
εργαλείο, ικανό να προσομοιώνει τη διαχείριση ενέργειας σε μία διασυνδεδεμένη 
συνοικία. Συνεπώς, επιμέρους στοιχεία σχετικά με τις ιδιότητες των τεχνολογιών μ-ΣΗΘ ή 
σχετικά με την ακρίβεια των θερμικών και ηλεκτρικών προφίλ ζήτησης μπορούν πάντα 
να βελτιωθούν στο μέλλον λαμβάνοντας υπόψη την τρέχουσα κατάσταση της τέχνης. 
 
Το κεφάλαιο 2 (αγγλικό κείμενο) συνοψίζει τα χαρακτηριστικά της διαχείρισης ενέργειας 
στη συνοικία. Δίνονται πληροφορίες σχετικά με τα δίκτυα θέρμανσης και των έλεγχο των 
μ-ΣΗΘ. Η δομή της προτεινόμενης διασυνδεδεμένης συνοικίας και οι ενεργειακές 
απαιτήσεις παρουσιάζονται, μαζί με μια ανασκόπηση των υπαρχόντων αλγορίθμων και 
προσεγγίσεων.   
Το κεφάλαιο 3 (αγγλικό κείμενο)  παρουσιάζει την ιδέα του καταμερισμού της 
παραγωγής, στο λογισμικό DEPOSIT, μαζί με τη δομή παραγωγής και ζήτησης, τον έλεγχο 
και χειρισμό των μονάδων και τις διάφορες στρατηγικές λειτουργίας. Οι υπολογισμοί, που 
πραγματοποιούνται πριν και κατά τη διάρκεια της προσομοίωσης περιγράφονται.  
Στο κεφάλαιο 4 (αγγλικό κείμενο), ορίζονται οι μελέτες περίπτωσης που 
πραγματοποιήθηκαν με το λογισμικό: η τοποθεσία, ο τύπος συνοικίας, τα κτήρια, τα είδη 
μ-ΣΗΘ . Δύο διαφορετικές πόλεις, σε διαφορετικά κλίματα υπολογίστηκαν, στην Αθήνα 
και το Μόναχο. Οι δύο περιοχές είχαν διαφορετική σύνθεση κτηρίων. Τα κτήρια και οι 
μονάδες συμπαραγωγής που αποτελούν τις περιοχές αναλύονται. Το ενεργειακό ισοζύγιο, 
η κατανάλωση πρωτογενούς ενέργειας και το λειτουργικό κόστος των συνοικιών 
παρουσιάζονται στο κεφάλαιο 5(αγγλικό κείμενο), μαζί με τη χρήση των μ-ΣΗΘ και άλλα 
στοιχεία. Τελικά συμπεράσματα για το λογισμικό προσομοίωσης, για την ιδέα και την 
απόδοση της διασυνδεδεμένης συνοικίας, αναλύονται στο κεφάλαιο 6.  
Στο προσάρτημα, υπάρχει το εγχειρίδιο λειτουργίας του DEPOSIT και λεπτομερείς 
πληροφορίες για το κτήριο. 
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1.4 Ανασκο πηση των α λλων αλγο ριθμων και προσεγγι σεων  
Το δυναμικό της μικρο-συμπαραγωγής εξετάζεται από πολλούς ερευνητές και για 
διάφορες εφαρμογές. Αυτό που επισημαίνεται κυρίως είναι ότι το οικονομικό όφελος των 
συστημάτων CHP εξαρτάται από τα ηλεκτρικά και θερμικά προφίλ ζήτησης των κτηρίων, 
από τις τιμές των καυσίμων και της ηλεκτρικής ενέργειας, καθώς από το  σωστό μέγεθος 
της θερμικής αποθήκευσης αλλά και του τύπου της συμπαραγωγής.  (Bianchi et al. 2012; 
Barbieri et al. 2012; Smith et al. 2013; Mongibello et al. 2015; Di Somma et al. 2015; Dalla 
Rosa et al. 2011; Rosato et al. 2014) 
Οι Caliano et al. 2015, επικεντρώθηκαν σε ένα κτήριο και μία μονάδα συμπαραγωγής και 
επίδειξαν τα οφέλη των κινήτρων για συμπαραγωγή, σε συνδυασμό με την δυνατότητα 
απόρριψης θερμότητας, καθώς και το ρόλο της αποθήκευσης θερμότητας (αν δεν υπάρχει 
δυνατότητα απόρριψης θερμότητας) στην οικονομική εξοικονόμηση. 
 
Στις περισσότερες περιπτώσεις βελτιστοποίησης της λειτουργίας μονάδων 
συμπαραγωγής εξετάζεται ένα πολύ σφικτό χρονοδιάγραμμα και η λειτουργία είναι 
βελτιστοποιημένη ανά βήμα. Ωστόσο σε κάποιες οριακές καταστάσεις (πχ.: μια κρύα 
εκκίνηση μονάδας), η συμπαραγωγή μπορεί να είναι πιο δαπανηρή από τη λειτουργία 
ενός εφεδρικού συμβατικού συστήματος, αλλά εάν εξεταστεί ένα μεγαλύτερο εύρος 
βημάτων, θα συνέφερε περισσότερο η λειτουργία της συμπαραγωγής εν τέλη. Επομένως, 
η χρήση των πολύπλοκων λειτουργικών στρατηγικών, που προτείνονται στην παρούσα 
διατριβή, επιτρέπουν την καλύτερη αντιμετώπιση των καταστάσεων αυτών και μπορούν 
να αποδώσουν καλύτερα συνολικά αποτελέσματα.  
Άλλες δομές και αλγόριθμοι  βελτιστοποίησης (Alvarez et al. 2012) στοχεύουν κυρίως 
στον να βρουν το βέλτιστο σημείο λειτουργίας των μονάδων για την κάλυψη της 
στιγμιαίας ζήτηση, χωρίς να εξετάζουν τις δυνατότητες χρονικής μετατόπισης του 
φορτίου και σφαιρικότερης βελτιστοποίησης που προσφέρουν τα στοιχεία θερμικής 
αποθήκευσης. Οι Alvarez et al. 2012 δίνουν και προτείνουν μεθόδους για να 
ελαχιστοποιηθεί μια μαθηματική έκφραση του κόστους, επιλέγοντας τον πιο 
αποτελεσματικό τρόπο, προσαρμογής της παραγωγής στη ζήτηση και ελαχιστοποίησης 
του κόστους του καυσίμου και των εκπομπών αερίων θερμοκηπίου. 
 
Οι Cho et al. 2009 προτείνουν έναν αλγόριθμο γραμμικής βελτιστοποίησης που 
ελαχιστοποιεί το κόστος για ένα σύστημα συμπαραγωγής, σε ένα κτήριο και για ένα 
χρονικό διάστημα. Κάθε χρονικό διάστημα είναι ανεξάρτητο από το επόμενο και μπορεί 
να εξεταστεί αυτόνομα. Τα συνολικά δεδομένα της ζήτησης για όλο το χρονικό διάστημα 
πρέπει να είναι διαθέσιμα στην αρχή της προσομοίωσης.  
Οι Ferrari et al. 2014 δημιούργησαν ένα λογισμικό πραγματικού χρόνου που υπολογίζει 
τα λειτουργικά έξοδα της συμπαραγωγής και βελτιώνει τη διαχείριση του δικτύου και 
των ΣΗΘ για την ελαχιστοποίηση του κόστους. Η βελτιστοποίηση γίνεται με χρονικό 
εύρος ενός βήματος. 
 
Οι Fragaki et al. 2008 εξέτασαν με το λογισμικό EnergyPRO μια περιοχή που 
εξυπηρετείται από ένα κινητήρα αερίου 3MW και δεξαμενή αποθήκευσης θερμότητας 
250m3στη Βρετανία. Κατέληξαν στο συμπέρασμα ότι η χρήση θερμικής αποθήκευσης, 
διπλασιάζει την καθαρή παρούσα αξία της απόδοσης της επένδυσης,  σε σύγκριση με το 
ίδιο μέγεθος συμπαραγωγής χωρίς δεξαμενή αποθήκευσης.  
 
Μια κοινή προσέγγιση της λειτουργίας των μ-ΣΗΘ είναι η προσέγγιση χρονολογικής 
σειράς. Το λογισμικό EnergyPRO  (Maeng et al. 2002)  τοποθετεί τις περιόδους 
συμπαραγωγής στις πιο ευνοϊκές περιόδους για ένα ολόκληρο έτος, σύμφωνα με το 
ετήσιο σχέδιο τιμών (ημερήσια, νυχτερινά, καλοκαιρινά τιμολόγια κλπ) και τα 
χαρακτηριστικά της ζήτησης. Το έτος διαιρείται σε περισσότερα από 1000 χρονικά μέρη 
και η λειτουργία του μ-ΣΗΘ  πλασάρεται κατάλληλα στις περιόδους, αλλά χωρίς να 
ακυρώσει μελλοντικές πιο αποδοτικές λειτουργίες. Ωστόσο, η  βελτιστοποίηση εκτελείται 
Κεφάλαιο 1: Ελληνικο κειμενο 
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όταν οι τιμές ζήτησης και κόστους ενέργειας είναι διαθέσιμες από πριν για όλο το έτος. Το 
γεγονός αυτό, το καθιστά περισσότερο ένα εργαλείο σχεδιασμού και οικονομικό εργαλείο 
αξιολόγησης και όχι εργαλείο προσομοίωσης της πραγματικής λειτουργίας. Από τις 
εξόδους του μοντέλου του EnergyPRO, λαμβάνονται πληροφορίες για τους χειριστές του 
συστήματος συμπαραγωγής. Λόγω της μεταβλητότητας των τιμών της ηλεκτρικής 
ενέργειας στην μη ρυθμιζόμενη αγορά ενέργειας , και το γεγονός ότι οι επιδοτούμενες 
τιμές αγοράς ηλεκτρικής ενέργειας αντικαθιστούνται σιγά σιγά με σε πολλές ευρωπαϊκές 
χώρες με τις τιμές χρηματιστηρίου ηλεκτρικής ενέργειας (Lund & Andersen 2005), 
απαιτήται ένα σενάριο λειτουργίας που να βελτιστοποιείται συνεχώς για τις άγνωστες 
μελλοντικές τιμές ηλεκτρικής ενέργειας. Επιπλέον οι αλλαγές στην καμπύλη ζήτησης μιας 
συνοικίας, λόγω αλλαγών στη συμπεριφορά των κατοίκων, ή λόγω αλλαγή χρήσης 
κτηρίου ή λόγω νέων χρηστών, επηρεάζουν την πραγματική συνολική ζήτηση της 
συνοικίας και άρα την λειτουργία των μονάδων μ-ΣΗΘ. Τα εργαλεία συνολικής 
αξιολόγησης μπορούν να  βοηθήσουν στην επιλογή μονάδας/ων συμπαραγωγής , μέγεθος 
δεξαμενών αποθήκευσης και στην ανάπτυξη σχεδίων λειτουργίας, αλλά δεν 
αντιπροσωπεύουν την πραγματική λειτουργία από ώρα σε ώρα των μονάδων 
συνδυασμένης παραγωγής. 
   
Οι πιο κοινές προσεγγίσεις ελέγχου μονάδων συμπαραγωγής προϋποθέτουν ένα σύστημα 
λήψης δεδομένων (SCADA), σε συνδυασμό με ένα προγραμματιζόμενο λογικό ελεγκτή 
(PLC) για τον έλεγχο της μονάδας συμπαραγωγής. Ο ελεγκτής μπορεί να διαφοροποιήσει 
τη λειτουργία του συστήματος ανάλογα με την ημέρα της εβδομάδας, με τη διαθέσιμη 
χωρητικότητα αποθήκευσης και ανάλογα με τα προϋπολογισμένα προγράμματα 
λειτουργίας, που προβλέπονται από εργαλεία όπως EnergyPRO. Οι υπεύθυνοι των 
εγκαταστάσεων CHP στη Δανία, για παράδειγμα, εισάγουν διαφορετικά δεδομένα στο 
σύστημα για κάθε ημέρα της εβδομάδας, καθώς επίσης και αλλάζουν τα στοιχεία αυτά 
τουλάχιστον κάθε μήνα, λαμβάνοντας υπόψη εποχιακές διακυμάνσεις της ζήτησης. 
 
Σύμφωνα με τους (Cho et al. 2009)  τα CHP συστήματα συχνά λειτουργούν χειροκίνητα. 
Το βέλτιστο κόστος καυσίμου των CHP είναι προϋπολογισμένο και αν είναι κάτω από 
κάποιες προεπιλογές, επιλέγεται να λειτουργήσουν οι μονάδες.   
 
Πολλοί ερευνητές (Hernandez-Aramburo et al. 2005) επικεντρώνονται στην 
ελαχιστοποίηση του κόστους των καυσίμων, χωρίς να λαμβάνουν υπόψιν τα έσοδα 
πώλησης ηλεκτρισμού.  
 
Οι Moghaddam et al. 2012 εστιάζουν στην πολυκριτηριακή ελαχιστοποίηση στα 
συστήματα αποκεντρωμένης συμπαραγωγής, μέσω ενός " Fuzzy Self Adaptive Particle 
Swarm Optimization "αλγορίθμου, που προσπαθεί να ελαχιστοποιήσει το κόστος 
λειτουργίας, παίρνοντας υπόψιν του και τις εκπομπές. Η βελτιστοποίηση 
πραγματοποιείται για μια ημέρα αναφοράς και μόνο ηλεκτρικά φορτία εξετάζονται. Η 
θερμική ισχύς των συσκευών μ-ΣΗΘ αγνοείται.. 
 
Άλλοι συγγραφείς επικεντρώνονται μόνο στην εξοικονόμηση πρωτογενούς ενέργειας από 
τις μονάδες ΣΗΘ. Οι (Pohl & Diarra 2014) πρότειναν μια προσέγγιση υπολογισμού 
πρωτογενούς ενέργειας των εγκαταστάσεων ΣΗΘ και έδειξαν την επιρροή των 
χαρακτηριστικών της  παραγωγής και της ζήτησης στην εξοικονόμηση πρωτογενούς 
ενέργειας, και ότι οι θεωρητικές δυνατότητες μπορούν να επιτευχθούν μόνο όταν η 
παραγωγή θερμότητας και ηλεκτρισμού ταιριάζουν καλά στα προφίλ της αντίστοιχης 
ζήτησης.  
Οι Schicktanz et al. 2011 εξέτασαν την κατανάλωση πρωτογενούς ενέργειας ενός 
συστήματος τριπαραγωγής (θέρμανσης, ψύξης και ηλεκτρισμός). Χρησιμοποίησαν 
σταθερές τιμές απόδοσης, λειτουργία πλήρους φορτίου για θέρμανση και ψύξη και 
υπολόγισαν την εξοικονόμηση πρωτογενούς ενέργειας, σε σχέση με την μεταβολή των 
συντελεστών πρωτογενούς ενέργειας. Η ανάλυση τους έδειξε ότι τα CHP ιδιαίτερα αν 
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συνδυαστούν με τριπαραγωγή, μπορούν να επιτύχουν μία σημαντική εξοικονόμηση 
πρωτογενούς ενέργειας. Ο συσχετισμός της θέρμανσης και της ψύξης και η ηλεκτρική 
απόδοση του CHP επηρεάζει έντονα τα αποτελέσματα. 
Οι Fubara et al. 2014 εξέλιξαν ένα μαθηματικό μοντέλο που αποτυπώνει τη συνολική 
επίπτωση της υιοθέτησης συμπαραγωγής στο σύνολο της πρωτογενούς ενέργειας τόσο 
στην παραγωγή, όσο και στη διανομή. Εξέτασαν τρεις αντιπροσωπευτικές ημέρες, για 
καθεμία από τις τέσσερις εποχές και υποστηρίζουν ότι τα  συστήματα μ-ΣΗΘ σε κτήρια 
κατοικιών μπορούν να επιτύχουν 6-10% μείωση της συνολικής χρήσης πρωτογενούς 
ενέργειας σε σύγκριση με τη περίπτωση αναφοράς(χωρίς μ-ΣΗΘ), η οποία είναι διπλάσια 
από την μείωση η οποία μπορεί να επιτευχθεί με μία στρατηγική ελαχιστοποίησης 
κόστους. Ωστόσο, η προσέγγιση αυτή δεν είναι για μεγαλύτερο χρονικό διάστημα (όπως 
ένα έτος) και αμελεί τις ικανότητες μεταβολών φορτίου από τις μονάδες συμπαραγωγής. 
 
Από τη βιβλιογραφία που εξετάστηκε , γίνεται εμφανές ότι δεν υπάρχει μια καθολική 
προσέγγιση της προσομοίωσης μιας συνοικίας με διασυνδεδεμένα κτήρια και μονάδες 
CHP. Οι πολλές προσεγγίσεις που υπάρχουν, είτε επικεντρώνονται σε ένα σύστημα 
συμπαραγωγής, ή σε ένα κτήριο, ή πραγματεύονται μόνο με το ηλεκτρικό φορτίο. 
Ορισμένοι ερευνητές ερευνούν την κατανάλωση πρωτογενούς ενέργειας σε μία ομάδα 
CHP, αλλά δεν βελτιστοποιούν τη λειτουργία με αυτό το στόχο. Οι περισσότερες 
δημοσιεύσεις εξετάζουν τη χρήση θερμικής αποθήκευσης και μπαταριών σαν ηλεκτρική 
αποθήκευση, αλλά δεν δίνουν έμφαση στα οφέλη της διασύνδεσης των παραγωγών και 
καταναλωτών με διαφορετικά προφίλ. Η γενική τάση είναι προς την ηλεκτρικά 
καθοδηγούμενη λειτουργία των μονάδων μ-ΣΗΘ, με ηλεκτρική αποθήκευση, με στόχο την 
ελαχιστοποίηση του κόστους. Επιπλέον, οι περισσότερες προσεγγίσεις μπορεί να 
κατηγοριοποιηθούν σε α) εργαλεία εκτίμησης, που υπολογίζουν τα οικονομικά οφέλη ή 
την μείωση των εκπομπών για μια χρονική περίοδο, με τη βέλτιστη λειτουργία των 
μονάδων και υποθέτοντας ότι όλες οι πληροφορίες (ζήτηση, τιμές καυσίμων, τιμές αγοράς 
και πώλησης ηλεκτρισμού) είναι διαθέσιμες για το σύνολο της χρονικής περιόδου, και β) 
σε εργαλεία ελέγχου που υπολογίζουν το ιδανικό επίπεδο λειτουργίας των μ-ΣΗΘ  για ένα 
διάστημα λίγων ωρών και δεν επικεντρώνονται στο ενεργειακό ισοζύγιο και στο όφελος 
από τη χρήση των συστημάτων συμπαραγωγής για μεγαλύτερο χρονικό διάστημα.  
Ένα άλλο χαρακτηριστικό που λείπει από όλες τις προσεγγίσεις των micro-grids (με βάση 
την βιβλιογραφική ανασκόπηση του συντάκτη) είναι η ενσωμάτωση στην προσομοίωση, 
του “degradation” των κυψελών καυσίμου, που είναι η μείωση της μέγιστης ηλεκτρικής 
εξόδου (Staffell 2009). Σε αυτόνομες προσομοιώσεις κυψελών καυσίμου, το degradation  
υπολογίζεται από κάποιους συγγραφείς όπως (Staffell 2009; Zaccaria et al. 2016; Ozden & 
Tari 2016). Οι  Ozden & Tari ανέφεραν περίπου 17% απώλεια απόδοσης με μια 
υποβαθμισμένη κυψέλη καυσίμου PEM σε δύο χρόνια. Αυτό δείχνει την αναγκαιότητα της 
ενσωμάτωσης του degradation των κυψελών καυσίμου, σε ένα πρόγραμμα 
προσομοίωσης micro-grid  ή σε ένα εργαλείο σχεδιασμού, προκειμένου να αξιολογήσουν 
σωστά το κόστος παραγωγής, την κατανάλωση πρωτογενούς ενέργειας και την 
εξοικονόμηση εκπομπών.  
 
1.5 Γενικη  περιγραφη  του προγρα μματος: χαρακτηριστικα  
και δυνατο τητες  
DEPOSIT=DISTRICT HEAT POWER SIMULATION TOOL  
 
Το DEPOSIT είναι ένα πρωτοποριακό εργαλείο προσομοίωσης διασυνδεδεμένων 
συνοικιών με τη χρήση τεχνολογιών μ-ΣΗΘ, θερμικής αποθήκευσης και έξυπνης μονάδας 
ελέγχου της συμπαραγωγής, που χρησιμοποιεί προβλέψεις ζήτησης για την 
ελαχιστοποίηση του κόστους και της κατανάλωσης πρωτογενούς ενέργειας, ενώ 
καλύπτει τις ανάγκες για θέρμανση και ηλεκτρική ενέργεια. 
Κεφάλαιο 1: Ελληνικο κειμενο 
ΑΝΑΠΤΥΞΗ ΕΡΓΑΛΕΙΩΝ ΕΝΕΡΓΕΙΑΚΗΣ ΠΡΟΣΟΜΟΙΩΣΗΣ ΚΤΙΡΙΩΝ  ΚΑΙ ΣΥΝΟΙΚΙΩΝ ΜΕ ΑΠΟΚΕΝΤΡΩΜΕΝΗ ΠΑΡΑΓΩΓΗ 
ΚΑΙ  ΑΠΟΘΗΚΕΥΣΗ ΘΕΡΜΙΚΗΣ ΕΝΕΡΓΕΙΑΣ           277 
 
Η μείωση της χρήσης μη ανανεώσιμων πηγών πρωτογενούς ενέργειας και των εκπομπών 
αερίων του θερμοκηπίου, είναι αποφασιστικής σημασίας για την επίτευξη βιώσιμης 
ανάπτυξης στον τομέα της ενέργειας και ειδικότερα στον τομέα της ενεργειακής 
κατανάλωσης κτηρίων. Η αποκέντρωση του συστήματος παραγωγής ηλεκτρικής 
ενέργειας μπορεί να οδηγήσει στην εξοικονόμηση πρωτογενούς ενέργειας μέσω της 
αποφυγής της κεντρικής παραγωγής και των απωλειών μετάδοσης και μέσω της 
επίτευξης υψηλής συνολικής απόδοσης. Η αποκεντρωμένη ηλεκτροπαραγωγή σε μικρές 
μονάδες, μπορεί να βοηθήσει στη μείωση των εκπομπών και στην μείωση της 
απαιτούμενης διαθέσιμης ισχύος του δικτύου , παρέχοντας επίσης ευκαιρίες για χρήση 
ανανεώσιμων πηγών ενέργειας. Το τελευταίο διάστημα η τάση είναι προς την 
αποκεντρωμένη παραγωγή, όπου τα συστήματα μετατροπής ενέργειας βρίσκονται κοντά 
στους πελάτες και τη ζήτηση, και χρησιμοποιούνται μικρές μονάδες συμπαραγωγής αντί 
για μεγάλα κεντρικά συστήματα παραγωγής ενέργειας. Οι καταναλωτές μπορούν επίσης 
να επωφεληθούν από το χαμηλότερο κόστος ενέργειας, καλύτερη εξυπηρέτηση, 
υψηλότερη ποιότητα ρεύματος , υψηλότερη ενεργειακή αυτονομία και παροχές όπως 
φορολογικές μειώσεις εξ αιτίας της υψηλότερης ενεργειακής 
αποδοτικότητα.(Moghaddam et al. 2012)     
Ως μικρο-συμπαραγωγή (micro CHP ή μ-ΣΗΘ) ορίζεται η ταυτόχρονη παραγωγή 
θερμότητας, ψύξης ή ενέργειας και ισχύος σε ένα μεμονωμένο κτήριο, που βασίζεται σε 
μικρές μονάδες, ισχύος κάτω από 15 kWel. Tα τελευταία χρόνια η συμπαραγωγή 
παρουσιάζεται ως μια πολλά υποσχόμενη λύση για το ενεργειακό πρόβλημα, μιας και 
εμφανίζει υψηλή συνολική απόδοση και ελαχιστοποίηση των απωλειών της διανομής. Οι 
τεχνολογικές εξελίξεις έχουν οδηγήσει σε αυξημένο ενδιαφέρον για τις μικρές μονάδες 
συνδυασμένης παραγωγής, με την ανάπτυξη μονάδων που μπορούν να παρέχουν 
ηλεκτρισμό και θερμότητα για μεμονωμένα κτήρια. (Alanne 2004)  
Σχετικές τεχνικές μελέτες αξιολόγησης επικεντρώθηκαν στην εξοικονόμηση πρωτογενούς 
ενέργειας που επιτυγχάνεται με την λειτουργία των μικρών κινητήρων εσωτερικής 
καύσης (Onovwiona et al. 2007; Haeseldonckx et al. 2007)· κυψελών καυσίμου 
SOFC (Alanne et al. 2006; Hawkes et al. 2007) και κινητήρων Stirling (Alanne et al.  
2010). Η περιβαλλοντική πτυχή των συστημάτων σε σχέση με τον κύκλο ζωής τους, έχει 
μόνο πρόσφατα εξεταστεί (Staffell & Ingram 2010; Staffell et al. 2012; Giannopoulos & 
Founti 2010; Giannopoulos & Founti 2011). 
Οι μικρές μονάδες CHP παράγουν ηλεκτρισμό και θερμότητα, η οποία είναι το παραπροϊόν 
της ηλεκτρικής ενέργειας. Το παραπροϊόν χρησιμοποιείται σε κτήρια για την κάλυψη των 
θερμικών αναγκών. Ο ηλεκτρισμός χρησιμοποιείται επίσης στην περιοχή για να καλύψει 
ένα μέρος των ηλεκτρικών τους αναγκών. Αυτή η διαδικασία είναι πιο αποτελεσματική 
από την συνηθισμένη παραγωγή ηλεκτρισμού, όπου η ενέργεια παράγεται σε μια 
κεντρική μονάδα  και το παραπροϊόν (θερμότητα) διαχέεται στον αέρα από τον πύργους 
ψύξης. Έτσι, η συνολική αποδοτικότητα μίας μονάδας SOFC για παράδειγμα είναι 85-
90%, ενώ του κεντρικού σταθμού ενέργειας είναι μόνο 33%. (Charlotte et al. 2014). Το 
υπόλοιπο είναι απορριπτόμενη θερμότητα. 
Ωστόσο, τεχνικοί περιορισμοί, όπως η αργή προσαρμογή στα φορτία, η υποβάθμιση 
(degradation) της ηλεκτρικής απόδοσης με το χρόνο λειτουργίας, ο υψηλός λόγος 
θερμικής προς ηλεκτρική έξοδο και κυρίως το υψηλό κόστος αγοράς , δημιουργούν 
περιορισμούς στην εκτεταμένη εγκατάσταση μονάδων μ-ΣΗΘ σε μεμονωμένα κτήρια , 
ειδικά στον τομέα της κατοικίας , όπου οι λίγες ώρες λειτουργίας , λειτουργούν ενάντια 
στην απόσβεση της επένδυσης.  
Επιπλέον, λόγω της φύσης της ζήτησης θερμότητας, η οποία έχει πολύ υψηλές κορυφές 
κατά τη διάρκεια του βαρύ χειμώνα και πολύ χαμηλές τιμές κατά τη διάρκεια της άνοιξης 
και του φθινοπώρου, το μέγεθος των συστημάτων συμπαραγωγής, διαδραματίζει πολύ 
σημαντικό ρόλο. Μία υπερδιαστασιολογημένη μονάδα μ-ΣΗΘ θα λειτουργεί λιγότερες 
ώρες, ενώ μία υποδιαστασιολογημένη μονάδα απαιτεί ισχυρό εφεδρικό σύστημα 
θέρμανσης για να αντιμετωπίσει τα  υψηλά  φορτία του χειμώνα. Έτσι πολλές 
στρατηγικές διαστασιολόγησης έχουν εφευρεθεί και χρησιμοποιούνται για να καλύπτουν 
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όσο το δυνατόν περισσότερο από το διάγραμμα φορτίου-διάρκειας χωρίς να 
απορρίπτεται υπερβολική θερμότητα, πάντα λαμβάνοντας υπόψη τους οικονομικούς  
περιορισμούς. 
Οι μονάδες συμπαραγωγής, χρειάζεται να λειτουργούν πολλές ώρες ανά έτος, 
προκειμένου να επιτευχθεί υψηλή μέση αποδοτικότητα και επίσης προκειμένου να είναι 
οικονομικά βιώσιμες επενδύσεις. Έτσι, όταν πρέπει να καλυφθεί η ζήτηση ενός κτηρίου, 
αποφεύγεται η εγκατάσταση μονάδων υψηλής ισχύος που μπορούν να καλύψουν ένα 
μεγάλο ποσοστό της υψηλής στιγμιαίας ζήτησης. Επιλέγονται τελικά μικρότερες μονάδες 
σε συνδυασμό με δεξαμενές αποθήκευσης θερμότητας. Οι μονάδες λειτουργούν συνεχώς 
και με τη βοήθεια της δεξαμενής αποθήκευσης, καλύπτουν τη ζήτηση. Ένα εφεδρικό 
σύστημα θέρμανσης είναι πάντοτε εγκατεστημένο για τις μέγιστες τιμές ζήτησης. Μία 
τέτοια τυπική διαστασιολόγηση με τη μέθοδο του ορθογωνίου μέγιστου εμβαδού  




Εικόνα 3: Τυπική διαστασιολόγηση CHP, (Yan & Tim 2010).  
 
Ωστόσο, η εγκατάσταση μεμονωμένων μονάδων σε μεμονωμένα κτήρια, ακόμη και μετά 
από προσεκτικό σχεδιασμό και μελέτη, δεν είναι η βέλτιστη λύση, επειδή η θερμική και 
ηλεκτρική ζήτηση των περισσότερων τύπων κτηρίων παρουσιάζει πολλές διακυμάνσεις 
κατά τη διάρκεια της ημέρας και συνήθως περιορίζεται σε μερικές ώρες της ημέρας μόνο. 
Τα γραφεία για παράδειγμα απαιτούν περισσότερη θερμική και ηλεκτρική ενέργειας για 
τον φωτισμό και τις διάφορες συσκευές γραφείου κατά τις εργάσιμες ώρες, ενώ στα 
οικιστικά κτήρια, η ζήτηση θερμότητας και ηλεκτρικής ενέργειας παρουσιάζεται κυρίως 
κατά το απόγευμα-βράδυ και νωρίς το πρωί. Έτσι τα συστήματα συμπαραγωγής θα 
αναγκαζόντουσαν να κλείσουν τις υπόλοιπες ώρες.  
Οι διακυμάνσεις της ζήτησης θερμότητας και ηλεκτρικής ενέργειας των διαφόρων τύπων 
κτηρίων, αλλά και μεταξύ κτηρίων του ίδιου τύπου, μπορεί να ευνοήσει την 
αποκεντρωμένη μικρο-συμπαραγωγή. Σε μία τέτοια εγκατάσταση, οι μονάδες 
εγκαθίστανται σε κάθε κτήριο μιας γειτονιάς/ περιοχής/συγκροτήματος κατοικιών και 
διασυνδέονται μέσω ενός μικρού δικτύου θερμότητας και το ηλεκτρικό δίκτυο. Όλες οι 
μονάδες συμπαραγωγής είναι κεντρικά ελεγχόμενες και δεξαμενές αποθήκευσης 
θερμότητας χρησιμοποιούνται για την κάλυψη των υψηλών τιμών ζήτησης. Κάθε μονάδα 
παρέχει θερμότητα και ηλεκτρική ενέργεια σε ολόκληρη την ομάδα των κτηρίων. Αν για 
παράδειγμα ένα κτήριο χρειάζεται θερμότητα κατά τις εργάσιμες ώρες, ενώ ένα άλλο 
κτήριο χρειάζεται θερμότητα το απόγευμα, η παραγωγή θερμότητας από τις μονάδες CHP 
μπορεί να παραδίδεται προς το ένα κτήριο τις εργάσιμες ώρες και προς το δεύτερο 
κτήριο, το απόγευμα. Εξαιτίας αυτής της διαφοροποίησης και χρονικής μεταβολής  του 
φορτίου και της ζήτησης, μια πιο αποτελεσματική μορφή συμπαραγωγής δημιουργείται. 
Οι μονάδες λειτουργούν περισσότερες ώρες, με λιγότερες διακοπές λειτουργίας και με 
Κεφάλαιο 1: Ελληνικο κειμενο 
ΑΝΑΠΤΥΞΗ ΕΡΓΑΛΕΙΩΝ ΕΝΕΡΓΕΙΑΚΗΣ ΠΡΟΣΟΜΟΙΩΣΗΣ ΚΤΙΡΙΩΝ  ΚΑΙ ΣΥΝΟΙΚΙΩΝ ΜΕ ΑΠΟΚΕΝΤΡΩΜΕΝΗ ΠΑΡΑΓΩΓΗ 
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λιγότερες μεταβολές φορτίου. Η αποδοτικότητα αυξάνεται και οι βλάβες μειώνονται. 
Επιπλέον, σε μια τέτοια μορφή συμπαραγωγής, η μέγιστη συνδυασμένη τιμή ζήτησης 
θερμότητας για όλη την ομάδα κτηρίων, θα είναι χαμηλότερη από το άθροισμα των 
μεμονωμένων αναγκών των κτηρίων, λόγω της στατιστικής διακύμανσης του χρόνου της 
ζήτησης θερμικής και ηλεκτρικής ενέργειας. Έτσι το δίκτυο μονάδων ΣΗΘ μπορεί να έχει 
μικρότερη συνολική ισχύ. Το εφεδρικό σύστημα θέρμανσης σε μια τέτοια διασυνδεδεμένη 
συνοικία θα είναι επίσης μικρότερο και θα κοστίζει λιγότερο, σε σχέση με ένα συμβατικό 
σενάριο, όπου κάθε χρήστης έχει τη δικιά του μονάδα ΣΗΘ και το δικό του εφεδρικό 
λέβητα. Με τη χρήση θερμικής και ηλεκτρικής αποθήκευσης μπορεί να αυξηθεί η χρήση 
των μονάδων ΣΗΘ και να επιτευχθεί η αποδοτικότερη λειτουργία τους. 
Υπάρχουν πολλές επιλογές αποθήκευσης ηλεκτρισμού, για τη διαχείριση του χρόνου 
μεταξύ της παραγωγής και της ζήτησης, όπως μπαταρίες, πεπιεσμένος αέρα, 
αντλησιοταμίευση και αποθήκευση υδρογόνου. Οι Beaudin et al. 2010 έκαναν μια 
ανασκόπηση των διαφόρων  μεθόδων αποθήκευσης ηλεκτρικής ενέργειας και ανέλυσαν 
τα διάφορα χαρακτηριστικά που τις ιδιότητες τους, την τρέχουσα κατάσταση της 
βιομηχανίας και την πιθανότητα για μελλοντική εγκατάσταση. 
Στη παρούσα εργασία  μεθόδοι ηλεκτρικής αποθήκευσης δεν εφαρμόζονται,  εξαιτίας του 
υψηλού κεφαλαιακού κόστους, λόγω της υιοθέτησης των θερμικά οδηγούμενων 
στρατηγικών και λόγω της δυνατότητας για εξαγωγή ηλεκτρικής ενέργειας στο δημόσιο 
δίκτυο. Ωστόσο η θερμική αποθήκευση χρησιμοποιείται. Ιδιαίτερα στις στρατηγικές 
συνεχούς λειτουργίας(Case1) και στις στρατηγικές που χρησιμοποιούν πρόγνωση 
φορτίων (Case2F και Case3F) οι δεξαμενές αποθήκευσης είναι κρίσιμες για τη λειτουργία: 
για αποθήκευση της υπερπαραγωγής, για την διαχείριση των μεταβολών του θερμικού 
και ηλεκτρικού φορτίου και για τη μεγιστοποίηση της χρήσης των μ-ΣΗΘ και των κερδών. 
Η σημασία της θερμικής αποθήκευσης ενέργειας στην απόδοση της συμπαραγωγής έχει 
επιβεβαιωθεί από πολλούς συγγραφείς  (Haeseldonckx et al. 2007; Smith et al. 2013) , 
δεδομένου ότι επιτρέπει περισσότερη σταθερή λειτουργία των μ-ΣΗΘ και περισσότερες 
ώρες λειτουργίας, που είναι υπέρ της απόσβεσης και της οικονομικής απόδοσης του 
συστήματος. Οι Fragaki et al. το 2008 έδειξαν ότι με δεξαμενή αποθήκευσης, 
διπλασιάζεται η καθαρή παρούσα αξία της απόδοσης της επένδυσης  σε σύγκριση με το 
ίδιο μέγεθος συμπαραγωγής χωρίς δεξαμενή αποθήκευσης,σε μία μελέτη ενός κινητήρα 
αερίου 3MW στο Ηνωμένο Βασίλειο.  
Στις περισσότερες περιπτώσεις η αποθήκευση θερμότητας γίνεται σε κυλινδρικής μορφής 
δοχεία με νερό. Άλλες τεχνολογίες αποθήκευσης είναι επίσης διαθέσιμες, όπως τα υλικά 
αλλαγής φάσης (PCM): πρόκειται για δεξαμενές οι οποίες χρησιμοποιούν τη μεγάλη 
λανθάνουσα θερμική ικανότητα του PCM για να αποθηκεύουν περισσότερη θερμότητα. Η 
χρήση των μονάδων αποθήκευσης PCM σε ένα μικρό θερμικό δίκτυο, έχει το όφελος της 
μεγαλύτερης θερμική χωρητικότητας του PCM, αλλά επίσης τις μικρότερες απαιτούμενες 
θερμοκρασιακές διαφορές για τη φόρτιση και την εκφόρτιση.  (Nuytten et al. 2013) 
 
Προκειμένου να βελτιστοποιηθεί η εξοικονόμηση κόστους λειτουργίας και το κέρδος από 
την πώληση ηλεκτρικής ενέργειας., σύμφωνα με τις τιμές αγοράς, η ευέλικτη λειτουργία 
των μονάδων είναι απαραίτητη (μεταβολή φορτίου, δυνατότητες έναυσης και 
τερματισμού) σε συνδυασμό με μία διάταξη αποθήκευσης θερμότητας. Συνεπώς, το 
ενεργειακό ισοζύγιο και η λειτουργία των μονάδων κατά τη διάρκεια του έτους, ο αριθμός 
και τύπος των μονάδων, τα χαρακτηριστικά τους, καθώς και οι δεξαμενές αποθήκευσης 
πρέπει να προσομοιωθούν κατά την περίοδο σχεδιασμού και μελέτης της 
διασυνδεδεμένης περιοχής.(Lund & Andersen 2005) . 
Αυτή η ιδέα ήταν το κίνητρο πίσω από την δημιουργία του λογισμικού DEPOSIT.  
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1.6 Πεδι ο εφαρμογη ς και ιδε α πι σω απο  τη δημιουργι α του 
DEPOSIT  
Η πλειονότητα των διαθέσιμων προσεγγίσεων και αλγορίθμων που αφορούν τη 
λειτουργία της συμπαραγωγής και του σχεδιασμού της διασυνδεδεμένης κοινότητας 
επικεντρώνονται σε επιμέρους πτυχές, όπως η ελαχιστοποίηση του κόστους, και 
χρησιμοποιούνται σε μεμονωμένες μονάδες ή σε μεμονωμένα κτήρια. Άλλα διαθέσιμα 
λογισμικά βασίζονται σε επιδοτούμενα σταθερά τιμολόγια μόνο και αγνοούν την 
αστάθεια των αγορών ενέργειας, ή απλά δημιουργούν εκ προοιμίου τα λειτουργικά 
μοτίβα που πρέπει να ακολουθηθούν. 
Από όλα αυτά, προέκυψε η αναγκαιότητα να δημιουργήσει ένα λογισμικό που θα 
βοηθήσει στην δημιουργία μικρο-δικτύων  θέρμανσης και ηλεκτρισμού, στην μελέτη της 
εγκατάστασης, στην επιλογή των συσκευών ΣΗΘ και των δεξαμενών αποθήκευσης. Θα 
πρέπει να μπορεί να υπολογίζει για διαφορετικές στρατηγικές λειτουργίας και στόχους, 
για μια ποικιλία κτιριακών φορτίων και για διαφορετικές τεχνολογίες συμπαραγωγής, 
την λειτουργία του όλου συμπλέγματος και να προκύπτει το ετήσιο (ή για περισσότερα 
χρόνια) ενεργειακό ισοζύγιο, το κόστος λειτουργίας και η κατανάλωση πρωτογενούς 
ενέργειας, η οποία και πιθανώς θα καθορίσει ή θα αναδιαμορφώσει τις παραμέτρους της 
εγκατάστασης. Οι απώλειες θερμότητας του δικτύου σωληνώσεων θα πρέπει επίσης 
λαμβάνονται υπόψιν στην προσομοίωση. 
Το DEPOSIT αναπτύχθηκε για να γεμίσει το κενό στις θερμικά καθοδηγούμενες 
στρατηγικές λειτουργίας και να παρουσιάσει ορισμένες νέες εναλλακτικές λύσεις όσον 
αφορά την λειτουργία των ΣΗΘ και την χρήση της αποθήκευσης θερμότητας. Ήταν 
μεγάλης σημασίας να υπολογίζεται το ενεργειακό ισοζύγιο κάθε ώρα, με την πραγματική 
λειτουργία των μονάδων, όπως αυτή θα διεξαγόταν σε μια υλοποιημένη εγκατάσταση. 
Έτσι, κάθε ωριαίο βήμα εξετάζεται σε χρονική σειρά, όπου η προηγούμενη τιμή της 
ζήτησης και της λειτουργίας των μονάδων είναι γνωστή και επηρεάζει τη μελλοντική 
συμπεριφορά, ενώ η μελλοντική ζήτηση είναι άγνωστη, και μπορεί μόνο να προβλεφθεί 
για περιορισμένα βήματα στο μέλλον. 5 διαφορετικές λειτουργικές στρατηγικές μπορούν 
να εξεταστούν με το DEPOSIT και τα πλεονεκτήματα ή μειονεκτήματα της κάθε μίας 
μπορούν να εντοπιστούν. Μετά από μια προσομοίωση, ο χρήστης μπορεί να τροποποιήσει 
ορισμένες παραμέτρους της συνοικίας και της εγκατάστασης, όπως τις μονάδες και το 
είδος ΣΗΘ, τον αριθμό και το είδος των κτηρίων κλπ και να επανεκτελέσει την 
προσομοίωση. Αυτό οδήγησε σε μια άλλη απαίτηση από το λογισμικό: την αυτόματη 
δημιουργία του δικτύου σωληνώσεων, έτσι ώστε ο χρήστης να μην χρειάζεται να 
υπολογίζει χειροκίνητα τα μήκη των σωλήνων, τις διαμέτρους και στη συνέχεια τις 
απώλειες θερμότητας και πτώσης πίεσης σε αυτούς, κάθε φορά που αλλάζει τη σύνθεση 
κτηρίων ή συσκευών συμπαραγωγής. Το DEPOSIT δημιουργεί κάθε φορά το δίκτυο 
σωληνώσεων, βασιζόμενο σε δεδομένα του μελετητή και σε απλές γεωμετρικές 
παραδοχές, ώστε κάθε φορά ο υπολογισμός του ενεργειακού ισοζυγίου να είναι πιο 
ακριβής, όπως και οι απώλειες θερμότητας και η αντίστοιχη κατανάλωση καυσίμων. 
 
Το λογισμικό DEPOSIT χρησιμοποιείται για τις εξής τρεις κατηγορίες συνοικιών: 
a) Νέες περιοχές, οι οποίες δημιουργούνται σε απομακρυσμένες τοποθεσίες και 
θέλουμε να επιτύχουμε πλήρη ή ένα επίπεδο αυτονομίας. Περιλαμβάνει νέες 
συνοικίες, συγκροτήματα διαμερισμάτων και κτήρια εμπορικά/αναψυχής που 
κατασκευάζονται σε ένα απομονωμένο νησί ή σε νέα προάστια της πόλης. Επειδή 
δημιουργούνται από το μηδέν, η ανάπτυξη των τοπικών δικτύων θερμότητας και 
ηλεκτρικών δικτύων είναι ευκολότερη, καθώς μπορεί να σχεδιαστεί και εκτελεστεί 
χωρίς νέες ανασκαφές και εργασίες. 
b) Παλιά δίκτυα τηλεθέρμανσης που θα μετατραπούν σε τοπικά θερμικά δίκτυα. Οι 
σωληνώσεις μπορεί να ανακαινιστούν και η προηγούμενη κεντρική θέρμανση να 
παροπλιστεί  (ή να διατηρηθεί ως εφεδρική) και να αντικατασταθεί από μονάδες 
ΣΗΘ διαφορετικών τύπων και τεχνολογιών 
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c) Η επέκταση ενός υφιστάμενου δικτύου τηλεθέρμανσης σε κάποιο νέο συγκρότημα 
με τη δημιουργία νέου δικτύου σωληνώσεων. 
d) Ένα τμήμα της πόλης με συμβατική θέρμανση, η οποία θα μετατραπεί σε μια 
γειτονιά με τοπική τηλεθέρμανση, που θα εξυπηρετείται από μ-ΣΗΘ. Νέοι σωλήνες 
θέρμανσης θα εγκατασταθούν.  
 
 
Το target group του DEPOSIT είναι: 
 Μηχανικοί, σχεδιαστές που επιθυμούν να σχεδιάσουν μια αυτόνομη συνοικία ή 
συγκρότημα οικιών. 
 Επενδυτές που θέλουν να χρηματοδοτήσουν τα συστήματα συμπαραγωγής σε 
συγκροτήματα κτηρίων 
 Εταιρείες ηλεκτρισμού που θέλουν να εκτιμηθεί η ηλεκτρική ενέργεια που 
παρέχεται στο δίκτυο από μία ομάδα αποκεντρωμένης ηλεκτροπαραγωγής και το 
προφίλ ζήτησης ηλεκτρικής ενέργειας από το δίκτυο της, στη διάρκεια του έτους.   
  Οι δημόσιες αρχές που εκδίδουν νόμους και κανονισμούς και θέλουν να 
δημιουργήσουν μια βάση δεδομένων για τα περιβαλλοντικά οφέλη από τη χρήση 
της αποκεντρωμένης συμπαραγωγής. 
 Εργαλεία Ενεργειακής απόδοσης  για την παροχή ενεργειακών πιστοποιητικών 
σε ολόκληρες  συνοικίες ή συγκροτήματα 
 
1.7 Φαινο μενα που εξετα ζονται στο DEPOSIT  
Το DEPOSIT αρχικά δέχεται από τον μελετητή πληροφορίες σχετικά με την σύσταση της 
υπό εξέταση συνοικίας, όπως τον αριθμού των κτηρίων από το κάθε είδος και διάφορα 
γεωμετρικά τους χαρακτηριστικά. Επίσης απαιτούνται τεχνικές λεπτομέρειες για τα 
(μέχρι 3) είδη συμπαραγωγής, ο αριθμός τους καθώς και πληοφορίες για τα δοχεία 
αποθήκευσης. Για τα κτήρια χρειάζονται ωριαίες τιμές κατανάλωσης θέρμανσης και 
ηλεκτρισμού.  
Ο αλγόριθμος αρχικά σχεδιάζει μία συνοικία βάζοντας τα κτήρια με βάση τους 
συντελεστές δόμησης και τις μονάδες ΣΗΘ σε θέσεις πάνω σε ένα κάναβο. Έτσι 
δημιουργείτε το δίκτυο σωληνώσεων και ο χρήστης το αποδέχεται ή κάνει αλλαγές. 
Σε κάθε ωριαίο βήμα ο αλγόριθμος υπολογίζει με βάση τα καιρικά δεδομένα, τα 
χαρακτηριστικά του εδάφους και τα χαρακτηριστικά του δικτύου τις θερμικές απώλειες 
σωληνώσεων και την ηλεκτρική κατανάλωση για το αντλιοστάσιο. Με βάση αυτά και τις 
καμπύλες θέρμανσης των κτηρίων, η συνολική ωριαία απαίτηση της συνοικίας 
δημιουργείται. Αυτή καλύπτεται με τα διάφορα συστήματα μ-ΣΗΘ, εφεδρικά και δοχεία 
αποθήκευσης ανάλογα με τις στρατηγικές λειτουργίας και τον στόχο.  
1.8 Στρατηγικε ς λειτουργι ας των μονα δων μ-ΣΗΘ  
Υπάρχουν πολλές διαφορετικές στρατηγικές ελέγχου για τη συμπαραγωγή. Ο πιο κοινός 
παρονομαστής είναι η ελαχιστοποίηση των δαπανών για θέρμανση και/ή ηλεκτρισμό. 
Αυτό συνήθως γίνεται με την επίτευξη πολλών ωρών συμπαραγωγής ανά έτος , με τη 
βοήθεια των δεξαμενών αποθήκευσης και σωστή διαστασιολόγηση των μ-ΣΗΘ  ή με τη 
βοήθεια διαφόρων αλγορίθμων. Για περισσότερες πληροφορίες μπορείτε να ανατρέξετε 
στις ενότητες 2.3&2.4 του αγγλικού κειμένου. 
Στο λογισμικό DEPOSIT τρεις γενικοί τρόποι λειτουργίας διερευνώνται. 
1. Πλήρης ισχύς με καλοκαιρινό διάλλειμα για κάθε είδος μονάδας 
2. Μεταβολή φορτίου των μ-ΣΗΘ με στόχο την ελαχιστοποίηση της κατανάλωσης 
πρωτογενούς ενέργειας.  
3. Μεταβολή φορτίου των μ-ΣΗΘ με στόχο την ελαχιστοποίηση του κόστους 
λειτουργίας/ ή την μεγιστοποίηση του κέρδους 
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Στις περιπτώσεις 2 και 3 ο αλγόριθμος διαμορφώνει τη θερμική και ηλεκτρική ισχύ 
εξόδου των 3 ομάδων συμπαραγωγής, κατά τη διάρκεια κάθε ωριαίου βήματος. Κάθε 
μονάδα μπορεί να μεταβάλει την έξοδο της σε ένα εύρος τιμών, σύμφωνα με τους 
περιορισμούς του κάθε μοντέλου. Η επιλογή του επιπέδου λειτουργίας των μονάδων 
γίνεται προκειμένου να ελαχιστοποιηθεί το κόστος της θέρμανσης και ηλεκτρισμού ή για 
να ελαχιστοποιηθεί η κατανάλωση πρωτογενούς ενέργειας, ανάλογα με την περίπτωση.  
 
Έτσι δημιουργείτε ένα μητρώο με τα διάφορα πιθανά επίπεδα λειτουργίας των μονάδων 
συμπαραγωγής, την αντίστοιχη συμμετοχή των εφεδρικών συστημάτων, και,  ανάλογα με 
την περίπτωση: 
c) την κατανάλωση πρωτογενούς ενέργειας (Cases 2 and 2F)  με βάση την 
απόδοση των ΣΗΘ για κάθε επίπεδο λειτουργίας και τους συντελεστές 
πρωτογενούς ενέργειας για καύσιμα και ρεύμα. 
d)  το κόστος όλων των συνδυασμών , βάσει της απόδοσης των ΣΗΘ για κάθε 
επίπεδο λειτουργίας και τις τιμές των καυσίμων, της ηλεκτρικής ενέργειας 
και τυχόν επιδοτήσεις πώλησης ηλεκτροπαραγωγής.  
 
Ανάλογα με τη συγκεκριμένη στρατηγική, η οποία επεξηγείται στο παρακάτω κεφάλαιο 
επιλέγεται ένας συνδυασμός. Είτε αυτός με τη χαμηλότερη κατανάλωση πρωτογενούς 
ενέργειας για να καλύψει όλες τις ζήτηση θερμότητας, ή αυτός με το ελάχιστο κόστος για 
την κάλυψη τόσο των ηλεκτρικών όσο και των θερμικών απαιτήσεων ή ο συνδυασμός 
που εξυπηρετεί τη στρατηγική πρόβλεψης των περιπτώσεων 2F και 3F. Δεν είναι 
απαραίτητο ότι οι μονάδες συμπαραγωγής θα καλύπτουν τη ζήτηση. Εάν η λειτουργία 
των μονάδων δεν είναι επικερδής από πλευράς κόστους ή πρωτογενούς ενέργειας, και 
είναι πιο αποτελεσματικό να καλυφθεί ένα μέρος της ζήτησης με τους εφεδρικούς 
λέβητες, αυτή η λειτουργία θα πρέπει να επιλεγεί. 
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1.8.1 Επιμέρους έλεγχος μονάδων για καλύτερη προσαρμογή στη 
ζήτηση  
 
Ο ατομικός έλεγχος όλων των επιμέρους μονάδων μίας ομάδας (ενός τύπου ΣΗΘ) δεν 
μπορεί να εφαρμοστεί εύκολα, καθώς απαιτεί πολύ μεγάλη υπολογιστική ισχύ και δεν 
παρουσιάζει ιδιαίτερα πλεονεκτήματα, εφόσον οι μονάδες μπορούν να μεταβάλουν την 
ισχύ τους. Από ένα σημείο και έπειτα θα χανόταν ο έλεγχος. Έτσι χρησιμοποιήθηκε ένα 
πιο απλό σύστημα. Στο λογισμικό μπορούν να υπολογιστούν τρεις κύριες ομάδες ΣΗΘ. 
Κάθε ομάδα έχει τα δικά της τεχνικά χαρακτηριστικά, όρια λειτουργίας, απόδοση και λόγο 
ηλεκτρικής ενέργειας προς θερμότητα, καθώς επίσης και διαφορετικό αριθμό μονάδων. 
Ο αλγόριθμος μπορεί να ελέγχει όλες τις κατηγορίες 1,2 και 3 σαν τρεις ενιαίες ομάδες. Σε 
κάθε ομάδα δίνεται διαφορετική εντολή, για παράδειγμα, να μεταβάλει την παραγωγή 
της από 40% στο 100% σε αυτό το βήμα λειτουργίας.  
 
Ορισμένες μονάδες συμπαραγωγής μπορούν να λειτουργήσουν μόνο σε κατάσταση on-off 
και όχι σε ενδιάμεσα επίπεδα. Ένα παράδειγμα είναι η μονάδα EHE Whispergen Stirling 
(4.3.2), η οποία χρησιμοποιείται στην παρούσα εργασία. Στην περίπτωση πολύ υψηλής 
θερμικής απόδοσης μια ομάδας ΣΗΘ, η on-off λειτουργία δεν μπορεί να αποδώσει καλά 
αποτελέσματα, διότι αυτή η ομάδα μπορεί να χρησιμοποιηθεί μόνο σε περιόδους με πολύ 
υψηλή θερμική ζήτηση, η οποία υφίσταται μόνο για πολύ λίγες ώρες ανά έτος.  
Προκειμένου να αξιοποιήθουν καλύτερα οι μονάδες, οι οποίες λειτουργούν σε "on-off", ο 
αλγόριθμος στις Case 2F και 3F μπορεί να ελέγχει ξεχωριστά τις επιμέρους μονάδες της 
τρίτης ομάδας. Ο αλγόριθμος μπορεί να κλείσει ορισμένες μονάδες 3 για την καλύτερη 
προσαρμογή στη ζήτηση. Το δυνατό ποσοστό του συνολικού αριθμού των μονάδων 3, 
που καθορίστηκε να μπορούν να λειτουργούν απεικονίζεται στον πίνακα 3.  
 
Πίνακας 3: Πιθανά ποσοστά μονάδων (τύπου 3) σε λειτουργία όταν ο ατομικός 
έλεγχος on-off είναι ενεργοποιημένος (στρογγυλοποιημένο στον πλησιέστερο 
ακέραιο αριθμό) 
100% 90 % 80 % 70 % 60% 50% 40% 30% 20% 10% 
9% 8% 7%. 6% 5% 4% 3% 2% 1%. 0% 
 
 
Κατά τη διάρκεια κάθε βήματος ο αλγόριθμος εξετάζει τα πιθανά επίπεδα λειτουργίας για 
τις μονάδες τύπου 1 και 2 και επίσης όλους τους πιθανούς αριθμούς ενεργών μονάδων 
τύπου 3 με βάση τον πίνακα 3. Όλοι οι συνδυασμοί επιπέδου λειτουργίας των μονάδων 1 
και 2 και του αριθμού των ενεργών μονάδων 3 συγκρίνονται, με  στόχο την χαμηλότερη 
δυνατή κατανάλωση πρωτογενούς ενέργειας, στην περίπτωση 2F και το χαμηλότερο 




1.8.2 Case 1: πλήρης θερμική ισχύς με καλοκαιρινή διακοπή  
Η Case 1 είναι ένα τυπικό σενάριο συμπαραγωγής, όπου οι μονάδες μ-ΣΗΘ λειτουργούν με 
σταθερή πλήρη ισχύ κατά τη διάρκεια της χειμερινής σεζόν και απενεργοποιούνται κατά 
τη διάρκεια της θερινής περιόδου. Οι μονάδες λειτουργούν με τη μέγιστη ισχύ εξόδου, 
επιτυγχάνοντας υψηλή απόδοση μέσω της σταθερής λειτουργία. Μεγάλες δεξαμενές 
προσωρινής αποθήκευσης θερμότητας είναι απαραίτητες για να μετατοπιστεί η υπερ-
παραγωγή σε στιγμές με την υψηλότερη ζήτηση. Σε τέτοιες περιπτώσεις, οι μονάδες 
πρέπει να είναι σχετικά υποδιαστασιολογημένες, ώστε να αποφεύγεται η απόρριψη 
πολλής θερμότητας όταν δεν υπάρχει υψηλή ζήτηση. 
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Εικόνα 4: Παράδειγμα λειτουργίας της Case 1 και αξιοποίηση της δεξαμενής 
αποθήκευσης 
 
Όλες οι μονάδες ΣΗΘ κάθε τύπου λειτουργούν στο μέγιστο δυναμικό τους ,ανεξάρτητα αν 
υπάρχει ζήτηση για θέρμανση στην περιοχή ή όχι. Αν δεν υπάρχει ζήτηση, η θερμότητα 
που παράγεται από τις μονάδες (μείον τις απώλειες του δικτύου) αποθηκεύεται στα 
δοχεία θερμικής αποθήκευσης, αν η θερμοκρασία της δεξαμενής είναι κάτω από την 
θερμοκρασία προσαγωγής ή μέχρι να φτάσουν οι δεξαμενές τη θερμοκρασία προσαγωγής 
των μ-ΣΗΘ (τότε θεωρείται ότι έχουν φορτιστεί πλήρως). (Εικόνα 4) 
Εάν η επιπλέον παραγωγή θερμότητας από τις μονάδες υπερβαίνει τις δυνατότητες 
αποθήκευσης της δεξαμενής αποθήκευσης, τότε αυτό το μέρος απορρίπτεται. Εάν η  
απαίτηση της κοινότητας σε θερμότητα (συμπεριλαμβανομένων των απωλειών του 
δικτύου) είναι μικρότερη από τη συνδυασμένη θερμική ισχύς των μονάδων 
συμπαραγωγής, τότε η ζήτηση καλύπτεται πλήρως και η υπερ-παραγωγή αποθηκεύεται 
στις δεξαμενές (αν είναι δυνατόν). 
Εάν η  απαίτηση της κοινότητας σε θερμότητα είναι μεγαλύτερη από τη συνδυασμένη 
θερμική ισχύς των μονάδων συμπαραγωγής, τότε, η ζήτηση καλύπτεται μερικώς από τις 
μονάδες και το υπόλοιπο καλύπτεται από τις θερμικές δεξαμενές αποθήκευσης. Εάν δεν 
υπάρχει διαθεσιμότητα αποθηκεμένης θερμότητας ή αν δεν επαρκεί, το υπόλοιπο 
καλύπτεται από τα κεντρικά εφεδρικά συστήματα θέρμανσης. 
1.8.3 Case 2:  Θερμικά καθοδηγούμενη λειτουργία των μονάδων με 
στόχο την ελαχιστοποίηση της κατανάλωσης πρωτογενούς ενέργειας  
Η δεύτερη λειτουργία είναι μία στρατηγική που ακολουθεί τη θερμική ζήτηση 
χρησιμοποιώντας όλες τις διαθέσιμες συσκευές(backup λέβητες, μ-ΣΗΘ) με στόχο την 
πρωτογενή ενεργειακή εξοικονόμηση. 
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Στο σενάριο αυτό, περισσότερες μονάδες συμπαραγωγής μπορούν να χρησιμοποιηθούν, 
αφού ο αλγόριθμος μπορεί να μεταβάλει το επίπεδο λειτουργίας τους ή και να την 
τερματίσει εάν η ζήτηση είναι πολύ χαμηλή. Οι μονάδες μπορούν να χωριστούν σε 3 
κύριες ομάδες, με διαφορετικές προδιαγραφές και χαρακτηριστικά. Κάθε τύπος μπορεί να 
μεταβάλει την ισχύ της βαθμιαία, ή να ενεργοποιείται και να απενεργοποιείται ενιαία 
χωρίς την δυνατότητα ατομικού ελέγχου ανά μεμονωμένη μονάδα.  
Η στρατηγική στο σενάριο αυτό μπορεί να χαρακτηριστεί ότι ακολουθεί την ζήτηση 
θερμότητας και την ελάχιστη δυνατή πρωτογενή ενέργεια. Οι μ-ΣΗΘ, οι εφεδρικές 
μονάδες και οι δεξαμενές αποθήκευσης πρέπει να καλύψουν τη ζήτηση θερμότητας. 
Στόχος είναι να καλυφθεί τη ζήτηση κατά τον πιο αποτελεσματικό τρόπο από την άποψη 
της κατανάλωσης πρωτογενούς ενέργειας. 
Οι 3 μονάδες συμπαραγωγής μπορούν να λειτουργούν σε διαφορετικά φορτία ανάλογα με 
τις προδιαγραφές τους, τους περιορισμούς και την λειτουργία τους κατά το προηγούμενο 
βήμα. Μπορεί να υπάρχουν πολλοί συνδυασμοί λειτουργίας των μ-ΣΗΘ και των 
εφεδρικών λεβήτων που μπορούν να καλύψουν τη ζήτηση. Σε κάθε συνδυασμό μονάδων 
σε διαφορετικές καταστάσεις (εκκίνηση, τερματισμός , μεταβολή φορτίου, σταθερή 
λειτουργία), προσδιορίζεται η απόδοση τους, η ηλεκτρική ισχύς και η θερμική ισχύς και 
υπολογίζεται η κατανάλωση πρωτογενούς ενέργειας από τους συντελεστές πρωτογενής 
ενέργειας για τον ηλεκτρισμό και το φυσικό αέριο (με βάση ωριαίες ή ετήσιες τιμές). 
Ύστερα ο αλγόριθμος αποφασίζει ποια λειτουργία θα είναι περιβαντολλογικά καλύτερη 
(με βάση την πρωτογενή ενέργεια): αν θα κλείσει κάποιες από αυτές ή αν θα μειώσει την 
λειτουργία κάποιων και χρησιμοποιήσει την αποθηκευμένη θερμότητα ή τους εφεδρικούς 
λέβητες. Θα πρέπει να σημειωθεί ότι, αν οι συντελεστές πρωτογενούς ενέργειας είναι 
σταθεροί, ο αλγόριθμος συνήθως επιλέγει σε πρώτη προτεραιότητα, τις μονάδες 
συμπαραγωγής , λόγω του υψηλού συντελεστή πρωτογενούς ενέργειας που 
χρησιμοποιείται συνήθως (και σε αυτή την εργασία) για τον ηλεκτρισμό(PEF=2,5). Ο 
αλγόριθμος καθορίζει πόσες μονάδες θα λειτουργούν σε αυτό βήμα ώστε να αποφευχθεί 
η υπερ-παραγωγή της θερμότητας. Εάν η ζήτηση είναι πολύ μεγάλη, όλες οι μονάδες θα 
λειτουργούν. Η υπολειπόμενη ζήτηση (αν υπάρχει) καλύπτεται πρώτα από τις δεξαμενές 
θερμότητας και στη συνέχεια από τους εφεδρικούς λέβητες.  
 
Κάθε μονάδα μπορεί να λειτουργήσει μεταξύ μίας μέγιστης και μίας ελάχιστης τιμής και 
σε προκαθορισμένα επίπεδα, σύμφωνα με τους περιορισμούς της τεχνολογίας και του 
κατασκευαστή.  
Σε κάθε επίπεδο, η θερμική και ηλεκτρική απόδοση διαφέρουν, καθώς ο λόγος ηλεκτρικής 
ισχύος προς θερμότητα. Ο χρήστης του προγράμματος ορίζει το διάστημα λειτουργίας για 
κάθε τύπο ή τα επίπεδα λειτουργίας. Ένα μητρώο δημιουργείται με τα διαφορετικά 
επίπεδα λειτουργίας και τις ηλεκτρικές και θερμικές εξόδους, καθώς και τον βαθμό 
απόδοσης σε κάθε επίπεδο. Όλοι οι συνδυασμοί των τριών τύπων μ-ΣΗΘ υπολογίζονται 
σε κάθε βήμα. Αυτό δημιουργεί ένα πεπερασμένο αριθμό συνδυασμών=δυνατά επίπεδα 
λειτουργίας μονάδων 1 × δυνατά επίπεδα λειτουργίας μονάδων 2 × δυνατά επίπεδα 
λειτουργίας μονάδων 3 
 
Σε κάθε συνδυασμό υπολογίζεται η κατανάλωση πρωτογενούς ενέργειας. Η πρωτογενής 
ενέργεια, της ηλεκτρικής ενέργειας που παράγεται και άρα εξοικονομείται από το δίκτυο, 
αφαιρείται από την πρωτογενή ενέργεια του καυσίμου που καταναλώνεται. 
Πρώτα εξετάζεται η θερμική ισχύς των μ-ΣΗΘ του κάθε συνδυασμού και ελέγχεται, εάν 
μπορεί να καλύψει την ζήτηση θερμότητας στην περιοχή. Εάν όχι, ελέγχεται η θερμότητα 
στις δεξαμενές αποθήκευσης και χρησιμοποιείται και στη συνέχεια οι βοηθητικοί λέβητες 
καλύπτουν την υπόλοιπη ζήτηση. Η κατανάλωση πρωτογενούς ενέργειας για το φυσικό 
αέριο/πετρέλαιο που καταναλώνεται από το βοηθητικό λέβητα(ες) προστίθεται στη 
συνολική κατανάλωση πρωτογενούς ενέργειας του συγκεκριμένου επίπεδου λειτουργίας 
των μ-ΣΗΘ.  
Οι συνδυασμοί που υπερπαράγεται θερμότητα απορρίπτονται.  
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Έχει πλέον δημιουργηθεί ένα μητρώο συνδυασμών συμπαραγωγής και συμβατικής 
παραγωγής. Ο συνδυασμός με την χαμηλότερη κατανάλωση πρωτογενούς ενέργειας 
επιλέγεται.  
Σε κάθε ωριαίο βήμα επαναϋπολογίζονται όλοι οι συνδυασμοί για τους εξής λόγους :  
a. Σε μονάδες κυψελών καυσίμου με την πάροδο του χρόνου πέφτει ο 
ηλεκτρικός βαθμός απόδοσης. Ταυτόχρονα όμως αυξάνεται η θερμική 
επίδοση, αφού ένα μέρος του καυσίμου δεν χρησιμοποιείται μέσα στην 
κυψέλη. Έτσι, η λειτουργία των μονάδων σε ένα προκαθορισμένο πρότυπο 
δεν (θα) παρέχει τη βέλτιστη λύση, ούτε αρκετή ακρίβεια μετά από 
ορισμένα έτη λειτουργίας. 
b. Η κατανάλωση πρωτογενούς ενέργειας υπολογίζεται σε συνάρτηση με το 
καύσιμο που χρησιμοποιείται. Όσον αφορά τον ηλεκτρισμό συνήθως 
χρησιμοποιούνται μέσοι ετήσιοι συντελεστές για μια χώρα, οι οποίοι 
βασίζονται στη σύνθεση της ηλεκτροπαραγωγής (βλ. 4.1.2). Ωστόσο, αυτή 
δεν είναι σταθερή κατά τη διάρκεια του έτους και τώρα με τις ανανεώσιμες 
πηγές ενέργειας να διαδραματίζουν ένα σημαντικό ρόλο στην παραγωγή 
ηλεκτρικής ενέργειας, το ενεργειακό μείγμα αλλάζει από ώρα σε ώρα. Έτσι, 
ο αλγόριθμος μπορεί να δεχθεί σαν ωριαία μεταβλητή το συντελεστή 
πρωτογενούς ενέργειας του ρεύματος. Άρα ένα  προκαθορισμένο μοτίβο 
λειτουργίας δεν θα μπορούσε να λάβει τον μεταβαλλόμενο συντελεστή 
υπόψιν. Όλοι οι συνδυασμοί πρέπει να ελέγχονται σε κάθε βήμα. Το ίδιο 
ισχύει και για τις τιμές ρεύματος στις περιπτώσεις 3, 3F. 
 
1.8.4 Case 2F: Θερμικά καθοδηγούμενη λειτουργία των μονάδων με 
ελαχιστοποίηση πρωτογενούς ενέργειας για περισσότερα βήματα, με 
χρήση πρόβλεψης μελλοντικής θερμικής ζήτησης  
 
Το βασικό μειονέκτημα της Case 2 και όλων των παρόμοιων ‘στατικών’ στρατηγικών 
είναι ότι λειτουργούν σύμφωνα με τα δεδομένα του παρόντος βήματος για να επιλέξουν 
τη βέλτιστη λειτουργία προκειμένου να ελαχιστοποιηθεί το κόστος ή η πρωτογενής 
ενέργεια. Ωστόσο, εάν ένα χρονικό διάστημα εξεταστεί πιο μακροσκοπικά, η λειτουργία 
του μπορεί να μην είναι ιδανική. Για παράδειγμα, κατά τη διάρκεια ενός υψηλού PEF για 
ηλεκτρισμό, ο αλγόριθμος καλύπτει ακριβώς τη ζήτηση με τη χαμηλότερη κατανάλωση 
πρωτογενούς ενέργειας. Κατά τη διάρκεια του επόμενου βήματος, έστω η ζήτηση είναι 
πολύ μεγάλη και οι μονάδες συμπαραγωγής, δεν μπορούν ανταποκριθούν στις ανάγκες 
θερμότητας της συνοικίας. Οι εφεδρικοί λέβητες πρέπει να βοηθήσουν. Εντούτοις, εάν 
κατά τη διάρκεια του προηγούμενου βήματος, είχε επιλεγεί να υπερπαραχθεί ένα ποσό 
θερμότητας, θα ήταν τώρα διαθέσιμο στις δεξαμενές αποθήκευσης και θα μπορούσε να 
καλυφθεί με την βοήθεια τους πλήρως η ζήτηση.  
Για το λόγο αυτό, η Case 2F χρησιμοποιεί πρόβλεψη φορτίου. Η ζήτηση θερμότητας για 
τις ακόλουθες 33 ώρες προβλέπεται. Όπως αναφέρεται στο κεφάλαιο 4.2.3 του αγγλικού 
κειμένου, η οριακή τιμή συστήματος εκκαθαρίζεται κάθε μέρα στις 12.00 για την επόμενη 
μέρα. Παραδίδεται εντός των επομένων ωρών στους συμμετέχοντες στην αγορά 
ενέργειας. Έτσι στις 14.00 η Ο.Τ.Σ. (Οριακή Τιμή Συστήματος) των παρακάτω 33 ωρών 
(από τις 15.00 έως τις 00.00 της επόμενης ημέρας) και η συνεισφορά του κάθε σταθμού, 
σύμφωνα με τον ημερήσιο προγραμματισμό, είναι γνωστά. Έτσι και ο συντελεστής 
πρωτογενούς ενέργειας για την ηλεκτρική ενέργεια μπορεί να υπολογιστεί για τα επόμενα 
33 βήματα στο μέλλον. (ανατρέξτε στο αγγλικό κεφάλαιο 4.1.2). (Στην περίπτωση 
σταθερού PEF αυτό το βήμα παραλείπεται).  
  
Κατά τη διάρκεια των πρώτων ωρών λειτουργίας, η Case 2F είναι η ίδια με την Case 2. 
Μετά από μερικές ώρες, όταν ο αλγόριθμος έχει αρκετά ιστορικά στοιχεία για την 
εκπαίδευση του νευρωνικού δικτύου, προβλέπεται η ζήτηση θερμότητας για όλες τις 
Κεφάλαιο 1: Ελληνικο κειμενο 
ΑΝΑΠΤΥΞΗ ΕΡΓΑΛΕΙΩΝ ΕΝΕΡΓΕΙΑΚΗΣ ΠΡΟΣΟΜΟΙΩΣΗΣ ΚΤΙΡΙΩΝ  ΚΑΙ ΣΥΝΟΙΚΙΩΝ ΜΕ ΑΠΟΚΕΝΤΡΩΜΕΝΗ ΠΑΡΑΓΩΓΗ 
ΚΑΙ  ΑΠΟΘΗΚΕΥΣΗ ΘΕΡΜΙΚΗΣ ΕΝΕΡΓΕΙΑΣ           287 
επόμενες 33 ώρες. Μετέπειτα η Case 2F χρησιμοποιεί έναν αλγόριθμο αποφάσεων με 
βάση τις προβλεπόμενες τιμές ζήτησης, που απεικονίζεται στην Εικόνα 5. Η ιδέα του 
αλγόριθμου αποφάσεων, είναι να καλύψει τη ζήτηση της συνοικίας (για το εύρος των 
33ωρών) με την ελάχιστη δυνατή κατανάλωση πρωτογενούς ενέργειας. Έτσι, εάν η 
αποθηκεμένη ενέργεια στις δεξαμενές σε συνδυασμό με τη  ελάχιστη* παραγόμενη 
θερμότητα από τα μ-ΣΗΘ, κατά τη διάρκεια αυτών των ωρών, επαρκεί για την τρέχουσα 
ζήτηση και των επόμενων 33 ωρών, τότε οι μονάδες λειτουργούν σύμφωνα με την Case 2 
που περιγράφεται παραπάνω. Αν όμως η ζήτηση αναμένεται να είναι υψηλότερη από 
αποθηκεμένη ενέργεια στις δεξαμενές σε συνδυασμό με τη  ελάχιστη* παραγόμενη 
θερμότητα από τα μ-ΣΗΘ, τότε ελέγχεται η εξέλιξη του συντελεστή PEF ηλεκτρικής 
ενέργειας. Εάν o PEF μειώνεται, τότε είναι περιβαλλοντικά πιο κερδοφόρο να έχουμε 
τώρα μια υπερ-παραγωγή ηλεκτρικής ενέργειας (η οποία σημαίνει και υπερ-παραγωγή  
θερμότητας), παρά στο εγγύς μέλλον, με ένα χαμηλό PEF. Έτσι οι μονάδες λειτουργούν 
φορτίζοντας όσο το δυνατόν περισσότερο και με αποδοτικότερο τρόπο τις δεξαμενές 
(εικόνα 5) κατά τη διάρκεια του τρέχοντος βήματος. Αν από την άλλη ο PEF της 
ηλεκτρικής ενέργειας θα αυξηθεί , είναι προτιμότερο να λειτουργήσουμε στο τρέχον βήμα 
συμβατικά, όπως περιγράφεται στην Case 2 και στο μέλλον, θα ξαναγίνει ο συλλογισμός. 
Επιπλέον, στην Case2F, οι μονάδες της 3ης ομάδας μπορούν να ελεγχθούν σε ατομικό 
επίπεδο. Έτσι ο αλγόριθμος μπορεί να αρχίσει να σβήνει μονάδες με ανάλυση 10% και σε 
περιπτώσεις πολύ χαμηλής ζήτησης να φτάνει να χρησιμοποιεί έως και μόνο το 1% των 
μονάδων ώστε να ακολουθεί καλύτερα τη θερμική καμπύλη. Οι μονάδες Stirling, που 
χρησιμοποιούνται σε αυτή τη εργασία, δεν έχουν την δυνατότητα διαμόρφωσης της 
ισχύος τους, σε αντίθεση με τις μονάδες SOFC που μπορούν να διαμορφωθούν μεταξύ 40-
100% της ισχύος και τον κινητήρα εσωτερικής καύσης που μπορεί να διαμορφωθεί από 
0-100% σε καθορισμένα βήματα. Έτσι οι Stirling καταχωρήθηκαν στην ομάδα 3, η οποία 
μπορεί να απενεργοποιηθεί διαδοχικά όπως περιεγράφηκε παραπάνω. 
 
 
Εικόνα 5: Κώδικας απόφασης , Case2F 
 
H Case2F, σε σύγκριση με την Case2 έχει άλλη μία διαφορά, ανάλογα με την επιλογή του 
χρήστη: η αποθηκευμένη θερμότητα να παρέχεται στο δίκτυο πριν ή μετά την αφαίρεση 
της συνεισφοράς των μ-ΣΗΘ από τη θερμική ανάγκη.  
Ο αλγόριθμος δίνει στο χρήστη τη δυνατότητα να επιλέξει είτε α) η αποθηκευμένη 
θερμότητα στις δεξαμενές να αφαιρείται πριν τη συνεισφορά των μ-ΣΗΘ στη ζήτηση ή β) 
να χρησιμοποιεί τη θερμότητα των δεξαμενών για να καλύψει το υπόλοιπο της ζήτησης 
μετά την αφαίρεση από την ζήτηση της συνεισφοράς των μονάδων. Αυτό μπορεί να είναι 
χρήσιμο σε περιπτώσεις με υψηλούς συντελεστές πρωτογενής ενέργειας για την 
παραγωγή ηλεκτρικής ενέργειας, που βοηθάει το σενάριο της αποκεντρωμένης 
παραγωγής. Στην περίπτωση αυτή, συνεπώς, θα ήταν χρήσιμο, εάν οι μονάδες 
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λειτουργούν όσο το δυνατόν πιο ψηλά και να παράγουν αυτές όλη τη θερμότητα για τη 
συνοικία, χωρίς να χρησιμοποιείται η αποθηκευμένη θερμότητα, (η οποία μπορεί να 
χρησιμοποιηθεί στο μέλλον), και έτσι θα έχουμε και μέγιστη ηλεκτροπαραγωγή, και άρα 





1.8.5 Case 3 Θερμικά καθοδηγούμενη στρατηγική για την κάλυψη της 
θερμικής και ηλεκτρικής ζήτησης με στόχο την ελαχιστοποίηση του 
κόστους για κάθε βήμα  
Ο στόχος της Case 3 είναι η ελαχιστοποίηση του κόστους για την κάλυψη της ζήτησης 
ηλεκτρικής ενέργειας και θερμότητας στην συνοικία, ή σε σπάνιες περιπτώσεις πολύ 
υψηλής επιδότησης παραγόμενου ρεύματος, η μεγιστοποίηση των εσόδων.  
Προκειμένου για πελάτες, εταιρείες υπηρεσιών ενέργειας και ιδιώτες επενδυτές να 
χρηματοδοτήσουν μία συνοικία αποκεντρωμένης παραγωγής, οι κύριες απαιτήσεις είναι 
υψηλή εξοικονόμηση κόστους και μια σύντομη απόσβεση της αρχικής επένδυσης. Για να 
επιτευχθεί αυτό, η συνοικία προσομοιώνεται από τον αλγόριθμο, ο οποίος έχει μόνο την 
ελαχιστοποίηση του κόστους ως στόχο. Η κάλυψη της θερμότητας, είναι δευτερεύων 
στόχος και εκτελείται είτε από τις μονάδες συμπαραγωγής, ή από τους  εφεδρικούς 
λέβητες, ανάλογα με το συνολικό κόστος. Όσον αφορά τη ζήτηση της ηλεκτρικής 
ενέργειας, αυτή παράγεται από τα μ-ΣΗΘ ή αγοράζεται από το δίκτυο ηλεκτρισμού, 
ανάλογα με τη σχέση τιμής αγοράς και πώλησης kWh. Η υπερ-παραγωγή δεν 
απαγορεύεται και υπό συνθήκες υψηλής τιμών πώλησης ρεύματος, μπορεί να επιζητηθεί. 
Η λειτουργία της Case 3 είναι παρόμοια με την Case 2. Αρχικά ελέγχονται τα δοχεία 
αποθήκευσης και η συμβολή τους αφαιρείται από τη συνολική ζήτηση. 
Οι μονάδες συμπαραγωγής μπορούν να λειτουργούν σε συγκεκριμένα διαστήματα. Σε 
κάθε διάστημα το κόστος καυσίμου για τις μονάδες του κάθε τύπου υπολογίζεται. Όλοι οι 
συνδυασμοί λειτουργίας των chp και εφεδρικών λεβήτων, με συνολική θερμική ισχύ 
εξόδου μεγαλύτερη ή ίση από τη θερμική ζήτηση, μας ενδιαφέρουν. Η ηλεκτρική ενέργεια 
που παράγεται από τα μ-ΣΗΘ, είτε πωλείται στο δίκτυο , ή καλύπτει την ανάγκη της 
συνοικίας, ανάλογα με τις τιμές αγοράς και πώλησης σύμφωνα με την εικόνα 6. Η οριακή 
τιμή συστήματος (αγγλικό κεφάλαιο 4.2.3.1 )χρησιμοποιείται ως τιμής πώλησης της 
ηλεκτρικής ενέργειας. Αν η ηλεκτρική ενέργεια εξάγεται προς το δημόσιο δίκτυο, αυτό το 
ποσό αφαιρείται από το συνολικό κόστος αυτού του συνδυασμού. 
Όπως προαναφέρθηκε ο στόχος της Case 3 είναι η ελαχιστοποίηση του κόστους για την 
κάλυψη της θέρμανσης και της ζήτησης ηλεκτρικής ενέργειας στην περιοχή. Αυτό γίνεται 
βρίσκοντας σε κάθε ωριαίο βήμα, τον συνδυασμό επιπέδων λειτουργίας των ΣΗΘ και του 
εφεδρικού λέβητα CHP με το ελάχιστο κόστος λειτουργίας (εξίσωση 2). Το κόστος 
περιλαμβάνει το κόστος καυσίμων όλων των μονάδων του κάθε τύπου συμπαραγωγής, 
το κόστος καυσίμων του εφεδρικού συστήματος, το επιπλέον κόστος καυσίμων που 
καταναλώνονται κατά τη διάρκεια της εκκίνησης των μονάδων συμπαραγωγής και το 
κόστος ηλεκτρικού ρεύματος (εξίσωση 1). Το κόστος της ηλεκτρικής ενέργειας είναι η 
τιμή που καταβάλλεται στην επιχείρηση ηλεκτρισμού για την αγορά ηλεκτρικής 
ενέργειας, που δεν παράγεται από τις μονάδες μ-ΣΗΘ και προορίζεται για κάλυψη ενός 
μέρους της ζήτησης, αλλά και για τη λειτουργία των αντλιών του δικτύου αγωγών. Τέλος, 
τα έσοδα από την πώληση ηλεκτρικής ενέργειας στο δίκτυο αφαιρούνται από το 
συνολικό κόστος ηλεκτρικής ενέργειας.  
 
      1)
electr,imp electr,exp electr,pumpcost - cost + costelectrCost      
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Ο συνδυασμός με το χαμηλότερο κόστος επιλέγεται, ανεξαρτήτως της συμβολής των 




Εικόνα 6: Αλγόριθμος απόφασης διαχείρισης ηλεκτροπαραγωγής   
 
1.8.6 Case 3F Θερμικά καθοδηγούμενη στρατηγική για την κάλυψη της 
θερμικής και ηλεκτρικής ζήτησης με στόχο την ελαχιστοποίηση του 
κόστους για περισσότερα βήματα με πρόβλεψη φορτίου 
Όπως έχει ήδη εξηγηθεί στην Case 3, γίνεται βήμα προς βήμα η ελαχιστοποίηση του 
κόστους της συνοικίας, εξετάζοντας όλες τις δυνατότητες που καλύπτουν την ηλεκτρική 
και θερμική ζήτηση με ή χωρίς μονάδες συμπαραγωγής. Ωστόσο με αυτή την προσέγγιση 
η βελτιστοποίηση μπορεί να είναι η βέλτιστη για τη συγκεκριμένη ώρα, αλλά όχι η 
απολύτως βέλτιστη, εάν εξεταστεί ένα μεγαλύτερο χρονικό πλαίσιο. Μια υπερ-παραγωγή 
των μονάδων συμπαραγωγής σε ένα βήμα, λογικά θα απορριφθεί στην Case 3 , διότι 
κοστίζει περισσότερο από ένα συνδυασμό χαμηλότερης λειτουργίας που καλύπτει 
επακριβώς τη ζήτηση. Ωστόσο, σε ένα επόμενο βήμα με πολύ υψηλή ζήτηση που ξεπερνά 
τις δυνατότητες των ΣΗΘ, η υπερ-παραγωγή του προηγούμενου βήματος θα ήταν βολική, 
διότι θα βοηθούσε στην αποφυγή της εμπλοκής των εφεδρικών λεβήτων. Το φαινόμενο 
αυτό γίνεται περισσότερο εμφανές, όταν ληφθεί υπόψιν η μεταβολή της τιμής αγοράς και 
πώλησης ηλεκτρικού ρεύματος. Σε τέτοια περίπτωση, μία υπερ-παραγωγή θερμικής και 
ηλεκτρικής ενέργειας κατά τη διάρκεια μιας ώρας με υψηλή ΟΤΣ, μπορεί να οδηγήσει σε 
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σημαντική εξοικονόμηση κόστους κατά τη διάρκεια των επόμενων ωρών που θα έχουν  
χαμηλή ΟΤΣ. 
Για το λόγο αυτό, αναπτύχθηκε η Case 3F. Ο αλγόριθμος αποφασίζει κατά πόσον και πώς 
θα λειτουργήσει τις μονάδες συμπαραγωγής βασιζόμενος στην τιμή αγοράς και πώλησης 
ηλεκτρισμού της παρούσης και των επόμενων ωρών και στις προβλέψεις ηλεκτρικής και 
θερμικής ζήτησης. Ένα πιθανό μελλοντικό σχέδιο λειτουργίας σχεδιάζεται. Με βάση αυτό 
το σχέδιο, εξετάζεται αν θα ήταν πιο αποτελεσματική από άποψη κόστους η αύξηση της 
θερμική ισχύος των μονάδων συμπαραγωγής τώρα, υπερβαίνοντας τη θερμική ζήτηση, 
πουλώντας την περίσσια ηλεκτρική παραγωγή στο δίκτυο και αποθηκεύοντας την 
περίσσια θερμότητα, ώστε να έχουμε μειωμένη συμπαραγωγή στα μελλοντικά βήματα, 
όταν οι συνθήκες δεν είναι και τόσο καλές.  
Η λειτουργία αυτής της στρατηγικής γίνεται ως εξής. Μετά από μερικές ώρες, όταν ο 
αλγόριθμος έχει αρκετά ιστορικά στοιχεία για την εκπαίδευση των νευρωνικών δικτύων, 
προβλέπεται η ζήτηση θερμότητας ηλεκτρισμού για τις επόμενες 33 ώρες. Μετά η Case 3F 
χρησιμοποιεί μια υπορουτίνα απόφασης ανάλογα με τις κοντινές μελλοντικές τιμές, που 
απεικονίζεται στην εικόνα 7 . Η ρουτίνα απόφασης, αποφασίζει ποιο μέρος της 
μελλοντικής θερμικής ζήτησης είναι καλύτερο να καλυφθεί στο παρόν βήμα, με βάση την 
πιο πιθανή μελλοντική λειτουργία των μ-ΣΗΘ με βάση τα προβλεπόμενα δεδομένα. Η 
μεταβολή της τιμής πώλησης της ηλεκτρικής kWh για τις επόμενες ώρες λαμβάνεται 
υπόψιν· το κόστος της θερμικής kWh συγκρίνεται για όλες τις μονάδες μεταξύ των 
σημερινών και των μελλοντικών βημάτων· το επιπλέον κόστος για την παραγωγή της 
προβλεπόμενης ηλεκτρικής ζήτησης για κάθε μελλοντική ώρα εξετάζεται και 
υπολογίζεται η πιο πιθανή λειτουργία των μονάδων συμπαραγωγής κατά τη διάρκεια 
αυτών των μελλοντικών ωρών. Σύμφωνα με αυτή τη αναμενόμενη λειτουργία των μ-ΣΗΘ 
και την  αναμενόμενη ζήτηση θερμότητας, υπολογίζεται το ποσό θερμότητας, που πρέπει 
να καλυφθεί κατά την τρέχουσα ώρα (αν είναι δυνατόν), για δύο λόγους: είτε είναι πιο 
οικονομικό να παραχθεί τώρα, λόγω της εξέλιξης των τιμών των μελλοντικών βημάτων, ή 
αναμένονται πολύ υψηλές απαιτήσεις θερμότητας που υπερβαίνουν την ικανότητα των 
μονάδων συμπαραγωγής και είναι φθηνότερη η τωρινή κάλυψη της. 
Στη συνέχεια, ο αλγόριθμος εξετάζει όλους τους συνδυασμούς λειτουργίας μ-ΣΗΘ για να 
καλύψει την εκτεταμένη ζήτηση θερμότητας των σημερινών και των μελλοντικών 
βημάτων (που περιγράφηκε παραπάνω). Για την επιπλέον θερμότητα που προορίζεται 
για μελλοντική χρήση, οι εφεδρικοί λέβητες δεν χρησιμοποιούνται. Μόνο οι μονάδες 
συμπαραγωγής επιτρέπεται να υπερ-παράγουν, δεδομένου ότι το κόστος ανά θερμική 
kWh του εφεδρικού λέβητα παραμένει σταθερό και επειδή η ισχύς τους είναι αρκετή για 
να καλύψει όλη τη ζήτηση σε κάθε βήμα. Από όλους τους συνδυασμούς που μπορούν να 
παράγουν την παρούσα και το μέρος της μελλοντικής ζήτησης που αποφασίστηκε να 
καλυφθεί στο τρέχον βήμα, επιλέγεται ο οικονομικότερος.  
Η μελλοντική ζήτηση που αποφασίστηκε δεν μπορεί πάντα να παραχθεί από τα μ-ΣΗΘ για 
τους εξής λόγους κυρίως: 
a. Περιορισμοί του δοχείου αποθήκευσης: Όλες οι δεξαμενές αποθήκευσης στην 
κοινότητα έχουν φθάσει τη μέγιστη θερμοκρασία τους και δεν μπορούν να δεχθούν 
περισσότερη θερμική ενέργεια. Μια υπερ-παραγωγή θερμότητας, πάνω από αυτό 
το όριο, θα πρέπει να απορριφθεί και αυτό δεν ενδείκνυται. Επιτρέπεται μόνο σε 
σπάνιες περιπτώσεις με πολύ υψηλές τιμές πώλησης ρεύματος (υψηλή επιδότηση) 
που καθιστούν το κόστος λειτουργίας αρνητικό αφού τα κέρδη πώλησης 
ηλεκτρισμού ξεπερνούν το κόστος καυσίμων. Στην περίπτωση αυτή  επιδιώκεται η 
μέγιστη λειτουργία και η απόρριψη θερμότητας είναι αποδεκτή.  
b. Περιορισμοί ισχύος: Αν οι συνθήκες (πχ. τιμές πώλησης ρεύματος) παραμείνουν σε 
χαμηλά επίπεδα για μεγαλύτερο χρονικό διάστημα, η απαίτηση θερμότητας που 
ιδανικά θα καλυφθεί σε προηγούμενα βήματα, με υψηλότερη ΟΤΣ, μπορεί να είναι 
πολύ υψηλή, υψηλότερη από τη μέγιστη θερμική ισχύ όλων των μονάδων 
συμπαραγωγής. Και επειδή το λειτουργικό κόστος του εφεδρικού λέβητα όπως 
προαναφέρθηκε δεν επηρεάζεται , δεν υπάρχει λόγος να χρησιμοποιηθούν οι 
λέβητες για την εκ προοιμίου παραγωγή μελλοντικής ζήτησης. 
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Έτσι, η θερμότητα που ιδανικά θα παραγόταν τώρα για το μέλλον δεν καλύπτεται. 
Σε αυτή την περίπτωση, το ακόλουθο πρόβλημα μπορεί να προκύψει, που απεικονίζεται 
στο επόμενο παράδειγμα:  
Η θερμική ισχύς των μονάδων συμπαραγωγής δεν ήταν αρκετή και μόνο το 25% των 
μελλοντικών θερμικών απαιτήσεων, καλύπτεται κατά την τρέχουσα ώρα. Στα πρώτα 
επόμενα βήματα, η συνοικία χρησιμοποιεί αρχικά όλα τα αποθέματα αποθηκευμένης 
ενέργειας (που είναι μόνο το 25% της απαιτούμενης, τώρα, θερμότητας των επόμενων 34 
ωρών με βάση τον προγραμματισμό), που όμως προοριζόταν να διαρκέσει για όλες τις 
μελλοντικές ώρες, με μη συμφέρουσα ΟΤΣ. Έτσι, επειδή όλη η διαθέσιμη θερμότητα από 
τις δεξαμενές χρησιμοποιείται κατά τις πρώτες ώρες, ο κεντρικός έλεγχος απενεργοποιεί 
τις μονάδες μ-ΣΗΘ και όλη η ζήτηση καλύπτεται από την "δωρεάν" αποθηκευμένη 
θερμότητα. Στις μετέπειτα όμως ώρες που ακολουθούν, όχι μόνο δεν υπάρχει διαθέσιμη 
αποθηκευμένη θερμότητα, αλλά οι μονάδες που είναι κλειστές, πρέπει να ενεργοποιηθούν 
με συνέπεια την μη αποδοτική λειτουργίας τους (λόγω έναυσης). Αυτό δρα ανασταλτικά 
στην επιτυχία της στρατηγικής μείωσης κόστους της Case 3F. Για να ξεπεραστεί αυτό το 
πρόβλημα, σε κάθε βήμα αποθηκεύονται τα εξής:  
a. Το ποσοστό της συνολικής θερμότητας που αποθηκεύεται για μελλοντική 
χρήση που προορίζεται για κάθε μία ξεχωριστά από τις μελλοντικές ώρες  
b. Το ποσοστό της συνολικής θερμότητας που αποθηκεύεται στην 
πραγματικότητα, σε σχέση συνολική ενέργεια που είχε αποφασιστεί από τον 
αλγόριθμο της στρατηγικής να προ-παραχθεί τώρα για τα μελλοντικά βήματα.  
Με τη βοήθεια αυτών των δύο, υπολογίζεται ένας συντελεστής αξιοποίησης της 
αποθηκευμένης θερμότητας, που επιτρέπει μόνο ένα συγκεκριμένο ποσό ενέργειας να 
απορροφηθεί σε κάθε βήμα, ώστε να αποφευχθεί μία πρόωρη εξάντληση των δεξαμενών, 
που θα οδηγήσει σε μία ή περισσότερες ομάδες ΣΗΘ να απενεργοποιηθούν, με το 
αυξημένο κόστος που αυτό συνεπάγεται για μετέπειτα (μειωμένοι βαθμοί απόδοσης και 
έξτρα καύσιμο και ηλεκτρισμός  κατά την επαναλειτουργία τους). (Περισσότερες 
πληροφορίες  στο αγγλικό κεφάλαιο: 3.7.5).  
Επιπλέον, και στην Case 3F, η τρίτη ομάδα μονάδων μπορεί να ελέγχει μεμονωμένα τις 
μονάδες. Μπορούν να κλείσουν ανά γκρουπάκια του 10%. Εάν η ζήτηση είναι πολύ 
χαμηλή, τα γκρουπάκια που λειτουργούν μπορούν να φτάσουν σε ανάλυση το 1% του 
συνόλου των μονάδων για να ακολουθήσουν καλυτέρα το προφίλ θερμικών αναγκών. Οι 
Stirling μονάδες, που χρησιμοποιούνται σε αυτό το έργο, δεν έχουν την δυνατότητα 
διαμόρφωσης της θερμότητας, σε αντίθεση με το SOFC που μπορεί να διαμορφωθεί 
μεταξύ 40 και 100% και τις μονάδες ΜΕΚ (Μηχανές Εσωτερικής Καύσης) που μπορεί να 
λειτουργήσουν από 0-100% σε προκαθορισμένα βήματα. Έτσι τα Stirling καταχωρούνται 
σαν ομάδα 3, η οποίο μπορεί να απενεργοποιηθεί διαδοχικά, μονάδα, μονάδα, 
προκειμένου να ακολουθεί καλύτερα την καμπύλη ζήτησης. 
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1.8.6.1 Πρόβλεψη εκκίνησης  
Οι αρχικές προσομοιώσεις κατά την ανάπτυξη του DEPOSIT, έδειξαν ότι ορισμένες 
τεχνολογίες μ-ΣΗΘ, με χαμηλή αποδοτικότητα και μικρή θερμική και ηλεκτρική ισχύ 
εξόδου κατά την πρώτη λειτουργία μετά από εκκίνηση με κρύο κινητήρα, δεν τις επιλέγει 
ο αλγόριθμος για χρήση/εκκίνηση, όταν εξετάζεται μόνο ένα βήμα. Αιτία για αυτό είναι ο 
υψηλότερος βαθμός απόδοσης των εφεδρικών συστημάτων θέρμανσης, σε σχέση με την 
μονάδα ΣΗΘ, για το εξεταζόμενο βήμα. Ωστόσο, το λογισμικό δεν λάμβανε υπόψιν του, ότι 
αν ξεκινήσει τις μονάδες σε αυτό το βήμα, η λειτουργία του συστήματος μ-ΣΗΘ για τις 
επόμενες 2 ή 3 ή περισσότερες ώρες θα ήταν πιο αποδοτική από το εφεδρικό λέβητα. Γι 
αυτό χρησιμοποιήθηκε η πρόβλεψη θερμικού φορτίου της Case 3F. Οι 3 τύποι μ-ΣΗΘ 
ταξινομούνται με αύξουσα σειρά λειτουργικού κόστους (για όλα τα επίπεδα λειτουργίας), 
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συμπεριλαμβανομένων των εσόδων από πώληση ηλεκτρικής ενέργειας. Στη συνέχεια, η 
θερμική ισχύς της φθηνότερης μονάδας συγκρίνεται με την προβλεπόμενη ζήτηση 
θέρμανσης της περιοχής για το επόμενο βήμα, και αν είναι χαμηλότερη, αφαιρείτε η ισχύς 
αυτής της ομάδας ΣΗΘ από την απαιτούμενη ζήτηση της επόμενης ώρας και η ίδια 
διαδικασία εκτελείται για την επόμενη φθηνότερη μονάδα και την υπολειπόμενη-ζήτηση 
θερμότητας. Η μέθοδος αυτή επαναλαμβάνεται για δύο μελλοντικά βήματα και αν ένας 
τύπος μ-ΣΗΘ βρεθεί ότι αξίζει να λειτουργεί και στα 2 μελλοντικά βήματα, τότε 
λαμβάνεται η απόφαση, να αρχίσει η λειτουργία του στο επόμενο βήμα , ανεξάρτητα από 
την απόφαση της στρατηγικής στην οποία ανήκει (3 ή 3F). Αυτό αναφέρεται ως 
προληπτική εκκίνηση μονάδας και χρησιμοποιείται στις Case 3 & 3F. 
 
1.9 Στρατηγικε ς χρη σης και αποθη κευσης θερμο τητας  
1.9.1 Case 1  
Η λειτουργία της θερμικής αποθήκευσης στην Case 1 είναι προφανής. Οι μονάδες 
συμπαραγωγής λειτουργούν στη μέγιστη ισχύ τους και όταν υπάρχει πλεόνασμα 
παραγωγής θερμότητας, αυτό φορτίζει τις δεξαμενές αποθήκευσης. Όταν η θερμική 
ζήτηση είναι μεγαλύτερη από την θερμική ισχύ των μ-ΣΗΘ χρησιμοποιείται όλη η 
απαιτούμενη διαθέσιμη ενέργεια από τις δεξαμενές. 
 
1.9.2 Case 2  
Στην Case 2, η διαθέσιμη ενέργεια στις δεξαμενές, που μπορεί να συμβάλει στην κάλυψη 
της θερμικής ζήτησης της κοινότητας, χρησιμοποιείται για να καλύψει ζήτηση, μόνο εάν η 
έξοδος της συμπαραγωγής δεν είναι επαρκής. Ωστόσο, σε σπάνιες περιπτώσεις όπου η 
κατανάλωση πρωτογενούς ενέργειας από τις μονάδες είναι αρνητική (αν ο PEF για τον 
ηλεκτρισμό είναι πολύ υψηλός κατά τη διάρκεια ενός βήματος, ο αλγόριθμος μπορεί να 
επιλέξει να λειτουργεί τις μονάδες σε υψηλότερη ισχύ και να καλύψει την ζήτηση παρά 
την διαθέσιμη αποθηκευμένη θερμότητα.(που και δεν θα χρησιμοποιηθεί σε αυτό το 
βήμα) 
 
1.9.3 Case 2F   
Στην Case 2F , το λογισμικό δίνει στο μηχανικό (χρήστη) τις ακόλουθες δύο επιλογές: είτε 
να αντλείται ενέργεια από τις δεξαμενές πρώτα και έπειτα να καλύπτουν το υπόλοιπο της 
ζήτησης οι μ-ΣΗΘ με τον ενεργειακά αποδοτικό τρόπο (πρωτογενής ενέργεια) ή να 
καλύπτει όσο το δυνατόν περισσότερο με τις μονάδες συμπαραγωγής , το υπόλοιπο με τις 
δεξαμενές αποθήκευσης και ό,τι μένει με τους εφεδρικούς λέβητες. Η δεύτερη επιλογή 
δίνει περισσότερες ώρες λειτουργίας στις μονάδες συμπαραγωγής, επειδή στην πρώτη 
επιλογή, μετά την αφαίρεση της αποθηκευμένης ενέργειας, τα χαμηλά υπόλοιπα ζήτησης 
καλύπτονται συνήθως με τον εφεδρικό λέβητα και όχι με τις μονάδες συμπαραγωγής, που 
έχουν επίσης κυρώσεις λόγω εκκίνησης (με τη μορφή ηλεκτρικής κατανάλωσης για 
έναυση και αυξημένη κατανάλωση καυσίμου και χαμηλότερες αποδόσεις). 
1.9.4 Case 3   
Στην Case 3 η θερμική ενέργεια των δεξαμενών αποθήκευσης, που μπορούν να συμβάλουν 
στην θερμική ζήτηση στην περιοχή αφαιρείται από τις δεξαμενές σε κάθε βήμα και στη 
συνέχεια, η εναπομένουσα ζήτηση για θερμότητα καλύπτεται από τις μ-ΣΗΘ και τους 
εφεδρικούς λέβητες. Ανάλογα με την τιμή πώλησης και αγοράς της ηλεκτρικής ενέργειας, 
ο αλγόριθμος επιλέγει το συνδυασμό που ελαχιστοποιεί το κόστος ή μεγιστοποιεί τα 
έσοδα , που μπορεί να σημαίνει ακόμη και λειτουργία σε μέγιστη ισχύ  (λόγω της πολύ 
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υψηλής τιμής αγοράς για τον ηλεκτρισμό) , ακόμα και με πλήρης τις δεξαμενές 
αποθήκευσης και την απόρριψη θερμότητας. 
1.9.5 Case 3F 
Στις στρατηγικές ελαχιστοποίησης κόστους (Case 3 και 3F), ο αλγόριθμος οφείλει να 
καλύψει και τις θερμικές αλλά και τις ηλεκτρικές ανάγκες της διασυνδεδεμένης συνοικίας. 
Ανάλογα με την εξέλιξη των τιμών αγοράς και πώλησης ηλεκτρικής ενέργειας, σε 
συνδυασμό με την προβλεπόμενη ηλεκτρική και θερμική απαίτηση της περιοχής, ο 
αλγόριθμος αποφασίζει για τον τρόπο με τον οποίο θα λειτουργήσουν οι μονάδες 
προληπτικά στο τρέχον βήμα.  
Μπορεί να ληφθεί, για παράδειγμα η απόφαση, να παραχθεί όλη η  μελλοντική ζήτηση 
τώρα, λόγω της πολύ χαμηλής τιμής πώλησης ρεύματος στις μελλοντικές ώρες και της 
ταυτόχρονης πολύ χαμηλής ηλεκτρικής ζήτησης. Ωστόσο, ορισμένοι περιορισμοί δεν το 
επιτρέπουν όπως:  
- Η μέγιστη συνολική θερμική ισχύς των μονάδων δεν είναι επαρκής για να καλύψει 
όλες τις μελλοντικές ανάγκες θερμότητας που απαιτούνται τώρα και πρέπει να 
αποθηκευτούν                          
- Δεν υπάρχει αρκετή διαθέσιμη χωρητικότητα στις δεξαμενές για να αποθηκευτεί 
αυτό το ποσό θερμότητας 
Επομένως, ένα κλάσμα μπορεί μόνο να παράγεται και αποθηκεύεται. Υπάρχουν πολλές 
επιλογές για το πώς μπορεί να αξιοποιηθεί αυτή τη θερμότητα στο μέλλον.  
- Μπορεί να χρησιμοποιηθεί στο επόμενο βήμα πρώτα (ή επόμενα ανάλογα για πόσο 
επαρκεί), πριν ζητηθεί η συμβολή των μονάδων συμπαραγωγής, χωρίς να λάβει 
υπόψιν, κατά πόσο ήταν συμφέρουσα η συμπαραγωγή σε αυτό το βήμα, με βάση 
τις τιμές ρεύματος. Αυτή είναι η χειρότερη επιλογή, δεδομένου ότι η αποθηκευμένη 
θερμότητα μπορεί να καταναλωθεί πριν τα βήματα για τα οποία αποθηκεύτηκε. 
Έτσι , ναι μεν θα μειωθεί η κατανάλωση καυσίμου αυτή την ώρα λόγω λιγότερων ή 
καθόλου απαιτήσεων συμπαραγωγής αλλά, όχι στο βήμα που θα είχαμε 
μεγαλύτερο όφελος να μειώσουμε τη συμπαραγωγή. Η λύση αυτή ωστόσο 
χρησιμοποιεί άμεσα την αποθηκευμένη θερμότητα και ελαχιστοποιεί τις θερμικές 
απώλειες από τα δοχεία αποθήκευσης. 
- Μια άλλη επιλογή θα ήταν, αρχικά η χρήση των μ-ΣΗΘ να καλύψουν όσο μπορούν 
από την θερμική και ηλεκτρική ζήτηση του βήματος και αν τυχόν μείνει 
υπολειμματική ζήτηση θερμότητας, αντί να παραχθεί από τους εφεδρικούς 
λέβητες, να καλυφθεί όσο είναι δυνατόν από την αποθηκευμένη θερμότητα. Η λύση 
αυτή χρησιμοποιεί ιδανικότερα τις μ-ΣΗΘ, γιατί αποφεύγονται οι συχνοί 
τερματισμοί λειτουργίας και εκκινήσεις  και να είναι πιο αποδοτική από την πρώτη 
λύση , γιατί μειώνεται κυρίως η χρήση των εφεδρικών λεβήτων και όχι τόσο της 
συμπαραγωγής. Οι απώλειες θερμότητας από τις δεξαμενές είναι αυξημένες σε 
σύγκριση με την πρώτη επιλογή. 
- Η επιλογή που έγινε στην Case 3F είναι ο προκαθορισμός της επιτρεπόμενης 
θερμότητας που μπορεί να τραβηχτεί σε κάθε βήμα από τις δεξαμενές. Μία 
υπορουτίνα απόφασης, εξετάζει τα μελλοντικά βήματα όσον αφορά τις τιμές 
αγοράς και πώλησης ηλεκτρισμού και την αναμενόμενη θερμική και ηλεκτρική 
ζήτηση. Ανάλογα με το κόστος ανά ηλεκτρική και θερμική kWh, την εξέλιξη των 
τιμών και των διαθέσιμων δυνατοτήτων αποθήκευσης και της ήδη αποθηκεύμενης 
ενέργειας, υπολογίζεται η αναμενόμενη λειτουργία των μονάδων στα επόμενα 
βήματα. Σύμφωνα με αυτή την λειτουργία και ήδη διαθέσιμη αποθηκευμένη 
ενέργεια, υπολογίζεται για κάθε μελλοντικό βήμα που εξετάστηκε, ποιο ποσό 
θερμότητας θα έπρεπε ιδανικά να παραχθεί τώρα , αντί στο μέλλον. Η θερμότητα 
αυτή, εάν παραχθεί τώρα από τις μ-ΣΗΘ, θα αποφευχθεί η αντιοικονομική 
λειτουργία του στο μέλλον.  
Ωστόσο, όπως αναφέρεται ανωτέρω, δεν μπορεί να παραχθεί όλη αυτή η ενέργεια κατά 
τη διάρκεια του τρέχοντος βήματος. Άρα αποθηκεύεται λιγότερη. Για να προσδιοριστεί 
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ποιο ποσοστό, αυτής, πρέπει να χρησιμοποιηθεί σε ποιο από τα μελλοντικά βήματα 
ακολουθείται η παρακάτω διαδικασία: 
Διαμορφώνεται ένας πίνακας με τα μελλοντικά βήματα, την οριακή τιμή συστήματος για 
κάθε βήμα, και την θερμότητα που θα ήταν ιδανικό να καλυφθεί από πριν. Ο πίνακας 
ταξινομείται με βάση την οριακή τιμή συστήματος πώλησης ηλεκτρικής ενέργειας σε 
αύξουσα σειρά και το ποσό ενέργειας που αποθηκεύτηκε, διατίθεται αρχικά στο 
μελλοντικό βήμα με την χαμηλότερη ΟΤΣ (χωρίς να ξεπεράσει την θερμότητα που έχουμε 
προκαθορίσει να υπερπαράξουμε για αυτό το βήμα), μετά η υπόλοιπη αποθηκευμένη 
θερμότητα στο βήμα με την δεύτερη χαμηλότερη ΟΤΣ κλπ , μέχρι να εξαντληθεί όλο το 
απόθεμα ενέργειας. Έτσι, κάθε μελλοντικό βήμα αποκτά ένα ποσό θερμότητας που του 
αντιστοιχεί από την θερμότητα που αποθηκεύτηκε στο παρόν βήμα. Με αυτό τον τρόπο 
δεν επιτρέπεται στο σύστημα να τραβήξει σε ένα βήμα, περισσότερη από την 
προκαθορισμένη θερμότητα, από τις δεξαμενές και αξιοποιείται ιδανικά το απόθεμα και 
μεγιστοποιείται η  εξοικονόμηση κόστους.  
Σε μια ιδανική κατάσταση, όπου η ισχύς των μ-ΣΗΘ θα ήταν πολύ μεγάλη και οι δεξαμενές 
ήταν επίσης επαρκής, τότε σε κάθε μελλοντικό βήμα θα καθοριστεί να πάρει από τις 
δεξαμενές, ακριβώς όσο ποσό θερμότητας χρειάζεται με βάση τον υπολογισμό της Case3F, 
και όχι μέρος αυτού και δεν θα χρειαζόταν ο παραπάνω περιορισμός. 
O τρόπος αξιοποίησης των αποθεμάτων ενέργειας στην Case 3F, παρουσιάζει ωστόσο τις 
υψηλότερες θερμικές απώλειες δεξαμενών, αφού οι δεξαμενές μένουν φορτισμένες με 
νερό υψηλής θερμοκρασίας για περισσότερο διάστημα, αφού δεν αδειάζουν πλήρως σε 
λίγες ώρες.  
 
1.10 Προ βλεψη Φορτι ου  
Τα περισσότερα ενεργειακά συστήματα λειτουργούν ακολουθώντας την θερμική ή 
ηλεκτρική ζήτηση. Η απόδοση ενός συστήματος μπορεί να βελτιστοποιηθεί καθορίζοντας 
ποιο σύστημα θα λειτουργήσει και για πόσο χρονικό διάστημα κατά τη διάρκεια ενός 
χρονικού διαστήματος, με βάση κάποια δεδομένα. Ωστόσο, το εύρος αυτού του χρονικού 
διαστήματος επηρεάζει τη λύση και κατά πόσον είναι η βέλτιστη. Η ιδεατή λύση για μια 
ώρα, μπορεί να μην είναι τόσο ιδεατή εάν εξεταστούν περισσότερες ώρες. Η μεγαλύτερη 
εικόνα δίνει πάντα τα καλύτερα αποτελέσματα. Ωστόσο σε πραγματικές εφαρμογές η 
μεγαλύτερη εικόνα δεν είναι ορατή, γιατί το μέλλον (πχ. η θερμική και η ηλεκτρική 
ζήτηση) είναι άγνωστο. Πάντως εφόσον μπορούμε να έχουμε καιρικές προβλέψεις, η 
ζήτηση θερμότητας κτηρίων μπορεί να υπολογιστεί με διάφορα εργαλεία και λογισμικά 
προσομοίωσης. Αλλά οι θερμικές απαιτήσεις των κτηρίων δεν εξαρτώνται αποκλειστικά 
από τις καιρικές συνθήκες, αλλά και από την συμπεριφορά των χρηστών.  Οι συνήθειες 
θέρμανσης, η αίσθηση της θερμοκρασίας του κάθε κατοίκου, η δραστηριότητα που έχει 
στο σπίτι του, οι ηλεκτρικές συσκευές που χρησιμοποιεί, επηρεάζουν τη θερμική ζήτηση 
του κτηρίου και την κατανάλωση ρεύματος. Εάν έπρεπε να  προσομοιωθεί η ζήτηση για 
θέρμανση και ηλεκτρισμό, θα χρειαζόταν πολύπλοκα μοντέλα προσομοίωσης, με 
λεπτομερή στοιχεία σχετικά με το προφίλ χρηστών και τα μοτίβα παρουσίας και χρήσης 
κτηρίων και συσκευών. Αυτό είναι πολύ απαιτητικό ακόμα και για λίγα κτήρια. Μια 
τέτοια προσομοίωση μίας συνοικίας με εκατοντάδες κτήρια θα ήταν κοστοβόρα και 
χρονοβόρα.  
Mάλιστα η συλλογή πραγματικών δεδομένων, προϋποθέτει ότι τα κτήρια είναι ήδη 
κατασκευασμένα και χρησιμοποιούνται. (ένα σενάριο που απορρίπτει την μελέτη νέων 
συνοικιών). 
Όταν εξετάζεται η συνδυασμένη απαίτηση θερμότητας ή ηλεκτρικής ζήτησης πολλών 
κτηρίων μαζί, η επίδραση ενός κτηρίου είναι μικρή, σε σύγκριση με τη συνολική 
συμπεριφορά της συνοικίας. Και στην προτεινόμενη διασυνδεδεμένη κοινότητα, η ζήτηση 
θερμότητας ηλεκτρισμού αντιμετωπίζεται από το σύνολό των μ-ΣΗΘ.  
Έτσι, μπορούν να χρησιμοποιηθούν μοντέλα ενεργειακής πρόβλεψης, τα οποία 
χρησιμοποιούν τις προηγούμενες τιμές ζήτησης ολόκληρης της συνοικίας, μαζί με άλλες 
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παραμέτρους και μπορούν να προγνώσουν τη θερμική και ηλεκτρική απαίτηση της 
περιοχής σαν σύνολο.   
Η πρόβλεψη φορτίων πραγματοποιείται συνήθως με τεχνητά νευρωνικά δίκτυα 
(ANN).  (Zhang et al. 1998; Lee et al. 1992; Pai & Hong 2005; Ling et al. 2003)  
Μοντέλα χρονοσειρών όπως τα ARMA (autoregressive moving average) και ARIMA 
(autoregressive integrated moving average), έχουν εξεταστεί εκτενώς σε σχέση με την 
πρόβλεψη ενεργειακών φορτίων. Παρέχουν καλύτερα αποτελέσματα όταν τα σημεία 
δεδομένων, διαθέτουν χρονολογική σειρά. Ιδιαίτερα  στην πρόβλεψη θερμικών φορτίων η 
τωρινή ζήτηση εξαρτάται από τις προηγούμενες τιμές ζήτησης. 
(Darbellay & Slama 2000; Taylor & McSharry 2007; Huang & Shih 2003; Pappas et al. 
2008) 
1.10.1 Πρόβλεψη θερμικών φορτίων  
Σύμφωνα με τον ημερήσιο προγραμματισμό (αγγλικό κεφάλαιο 4.2.3) , κάθε μέρα η τιμή 
ανά MWh ηλεκτρικής ενέργειας που πωλείται στο δίκτυο κάθε ώρα της επόμενης ημέρας 
καθορίζεται και ανακοινώνεται. Όλες οι προσφορές πρέπει να έχουν καταβληθεί μέχρι τις 
12.00 μ.μ. της προηγούμενης μέρας και οι οριακές τιμές συστήματος, καθώς και η 
συμβολή των διαφόρων σταθμών στην ηλεκτροπαραγωγή ανακοινώνεται μέσα στις 2 
επόμενες ώρες. Άρα η οριακή τιμή συστήματος είναι γνωστή έως και 34 ώρες πριν και 
μαζί με αυτήν και ο συντελεστής πρωτογενούς ενέργειας για το ρεύμα, που μπορεί να 
υπολογιστεί με βάση το ηλεκτροπαραγωγικό μείγμα. Γι αυτό το λόγο ρυθμίστηκε να 
γίνεται πρόβλεψη θερμικού και ηλεκτρικού φορτίου για τις επόμενες 33ώρες για να 
συμπίπτει με τις γνωστές τιμές ενέργειας και συντελεστή PEF. Έτσι, το νευρωνικό δίκτυο 
είναι ρυθμισμένο να παράγει προβλέψεις για τις μελλοντικές 33 ώρες, έτσι ώστε το 
φορτίο και η τιμή ή ο PEF να διατίθενται ταυτόχρονα στα εργαλεία απόφασης.   
Τα τεχνητά νευρωνικά δίκτυα είναι σε θέση να μοντελοποιήσουν σύνθετες σχέσεις μεταξύ 
μεταβλητών, εκπαιδεύοντας το μοντέλο με προηγούμενες τιμές των δεδομένων. 
Χρησιμοποιούνται ευρέως για πολλά προβλήματα, όπως η πρόβλεψη φορτίου, με πολύ 
καλά αποτελέσματα. (Georges A. Darbellay, 2000), (H.s. Hippert, 2001)(Sforna & 
Proverbio 1995), (Srinivasan et al. 1994). 
 
Η εργαλειοθήκη τεχνητών νευρωνικών δικτύων της γλώσσας Matlab χρησιμοποιήθηκε 
για την πρόβλεψη, με παραμέτρους όπως ιστορικά δεδομένα (προηγούμενες τιμές), 
δελτία πρόγνωσης καιρού κλπ. Τα γραμμικά μοντέλα ARX είναι ακριβή στην πρόβλεψη 
φορτίων θέρμανσης και ψύξης, αλλά τα μοντέλα NARX με είσοδο καιρικών και 
χρονολογικών δεδομένων παράγουν ακόμα καλύτερα αποτελέσματα. (Powell et al. 
2014) . 
Ένα μοντέλο NARX (Nonlinear AutoRegressive network with eXogenous inputs) είναι ένα 
επαναλαμβανόμενο δυναμικό δίκτυο, με συνδέσεις ανάδρασης που εμπεριέχει πολλά 
επίπεδα του δικτύου και έδειξε πολύ καλά αποτελέσματα στις προβλέψεις. Το νευρωνικό 
δίκτυο εκπαιδεύεται κάθε 2 εβδομάδες (336ώρες). Το 60% των δεδομένων 
χρησιμοποιείται για την εκπαίδευση, το 30% για την επικύρωση και 10% για δοκιμές. Ο 
αριθμός των κρυφών επιπέδων (hidden layers) κυμαίνεται μεταξύ 3-8, με 1 μεταβλητή  
καθυστέρησης εισόδου (input delay). Ο αριθμός των μεταβλητών ανάδρασης (feedback 
delay), για την πρόβλεψη της χρονοσειράς, προσδιορίζεται για κάθε σύνολο δεδομένων 
μέσω  αυτοσυσχέτισης των μεταβλητών-στόχων. Οι σημαντικές αναδράσεις (significant 
lags) προσδιορίζονται και χρησιμοποιούνται ως εισόδοι ανάδρασης στο δίκτυο. Κάθε 
φορά που το δίκτυο εκπαιδεύεται, αφού προσδιοριστούν οι σημαντικές εισόδοι 
ανάδρασης, το δίκτυο εκπαιδεύεται πολλές φορές, μέχρι το μοντέλο να επιτυγχάνει καλές 
προβλέψεις, δεδομένου ότι η τυχαία αρχικοποίηση κάποιων παραμέτρων του μοντέλου, 
δεν οδηγεί πάντα σε καλά αποτελέσματα του δικτύου. Μετά από πολλές προσπάθειες 
εκπαίδευσης, οι οποίες αποθηκεύονται σε μια προσωρινή μνήμη, το καλύτερο μοντέλο 
NARX διατηρείται και χρησιμοποιείται αργότερα για πρόβλεψη. Ο αριθμός νεωρώνων 
που δίνει τα καλύτερα αποτελέσματα δοκιμής προσδιορίζεται σε κάθε εκπαίδευση (ο 
Κεφάλαιο 1: Ελληνικο κειμενο 
ΑΝΑΠΤΥΞΗ ΕΡΓΑΛΕΙΩΝ ΕΝΕΡΓΕΙΑΚΗΣ ΠΡΟΣΟΜΟΙΩΣΗΣ ΚΤΙΡΙΩΝ  ΚΑΙ ΣΥΝΟΙΚΙΩΝ ΜΕ ΑΠΟΚΕΝΤΡΩΜΕΝΗ ΠΑΡΑΓΩΓΗ 
ΚΑΙ  ΑΠΟΘΗΚΕΥΣΗ ΘΕΡΜΙΚΗΣ ΕΝΕΡΓΕΙΑΣ           297 
αλγόριθμος δοκιμάζει επιλογές από 3 έως 8 νευρώνες και επιλέγει την καλύτερη 
λύση). Προκαταρκτικά αποτελέσματα έδειξαν ότι, για τα δεδομένα αυτής της διατριβής, 
ένας αριθμός νευρώνων πάνω από 8, οδηγούσε σε υπερβολικό ταίριασμα (Overfitting) 
στα δεδομένα και πολύ κακή απόδοση στις άγνωστες τιμές (για τις οποίες δεν είχε 
εκπαιδευτεί). 





Πίνακας 4: είσοδοι για την εκπαίδευση του τεχνητού νευρωνικού δικτύου για την 
πρόγνωση μελλοντικών φορτίων θερμικής και ηλεκτρικής ζήτησης 
Είσοδοι  Τιμές 
Ημέρα της εβδομάδας 1-7  
Ώρα της ημέρας 1-24 
Μεταβλητή για 
Σαββατοκύριακο 
0 - 1 (1=σαββατοκύριακο) 
Μέση τιμή θερμοκρασίας 
περιβάλλοντος για τη χρονική 
περίοδο από : 5 ημέρες πριν 
μέχρι 33ώρες στο μέλλον (με 
βάση το δελτίο καιρού) 
C 
Ηλιακή ακτινοβολία για τα 
μελλοντικά βήματα (με βάση 
το δελτίο καιρού) 
Watt 
Θερμοκρασία περιβάλλοντος 
των μελλοντικών βημάτων(με 
βάση το δελτίο καιρού) 
C 
 
Ορισμένα αποτελέσματα του αλγορίθμου πρόβλεψης απεικονίζονται στην εικόνα 8 . Η 
πρόβλεψη ακολουθεί την εξέλιξη πολύ ωραία, παρά τα πολύ λίγα δεδομένα εκπαίδευσης 
των 336 ωρών. Το R2 για τα αποτελέσματα ελέγχου του δικτύου κλειστού βρόγχου είναι 
~80%, ανάλογα κάθε φορά με τα αρχικοποιημένα βάρη. Μόνο κατά τη διάρκεια των 
θερμότερων περιόδων του χρόνου, όπου η θερμοκρασία είναι υψηλή, το μοντέλο 
αποτυγχάνει να προβλέψει την ζήτηση θερμότητας. Ενώ η πραγματική ζήτηση 
θερμότητας είναι μηδέν ή κοντά στο μηδέν , λόγω των υψηλών θερμοκρασιών και της 
λειτουργίας των θερμοστατών, οι οποίοι λειτουργούν on-off γύρω από μία προτεινόμενη 
τιμή θερμοκρασίας και όχι αναλογικά, οι προβλέψεις δείχνουν μικρή ζήτηση με 
διακυμάνσεις γύρω από το μηδέν και ακόμη και αρνητικές τιμές. Η συμπεριφορά αυτή 
μπορεί να εξηγηθεί επειδή η εξάρτηση της ζήτησης θερμότητας από την εξωτερική 
θερμοκρασία αλλάζει ραγδαία, εξαιτίας της φύσης λειτουργίας του θερμοστάτη, ενώ η 
τάση που «έμαθε» το νευρωνικό δίκτυο, διατηρείται και κατά τη θερινή περίοδο, λόγω 
των βαρών που μοντελοποίουν την συμπεριφορά των χρηστών, καθώς και της 
εβδομαδιαίας και 24ωρης επαναληπτικότητας.  
Για το λόγο αυτό, η πρόβλεψη εφαρμόζεται μόνο κατά τη διάρκεια των χειμερινών μηνών 
και διακόπτεται κατά τη διάρκεια του υπόλοιπου έτους, προς αποφυγή εσφαλμένων 
προβλέψεων και αύξηση της κατανάλωση καυσίμου και του κόστους. 
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1.10.2 Πρόγνωση ηλεκτρικού φορτίου  
Η πρόγνωση ηλεκτρικής ζήτησης της  συνοικίας υπό εξέταση, για τα επόμενα βήματα, 
είναι απαραίτητη, κυρίως για τις περιπτώσεις Case3 & 3F που στοχεύουν την 
ελαχιστοποίηση κόστους λειτουργίας. Το ηλεκτρικό φορτίο καλύπτεται είτε από τις 
μονάδες συμπαραγωγής ή από το δημόσιο δίκτυο, ανάλογα με την τιμή αγοράς και 
πώλησης kWh. Τα ηλεκτρικά φορτία που ήταν διαθέσιμα και χρησιμοποιηθήκαν στην 
τρέχουσα εργασία, είναι κυρίως για ψύξη , αφύγρανση και αερισμό στα εμπορικά κτήρια. 
Έτσι το νευρωνικό δίκτυο  που χρησιμοποιείται είναι πολύ παρόμοιο με αυτό της 
πρόβλεψης θερμικού φορτίου, που περιγράφηκε παραπάνω. Έως 8 κρυφά επίπεδα 
(hidden layers) χρησιμοποιούνται, με 1 μεταβλητή καθυστέρησης εισόδου και με 
μεταβλητές ανάδρασης που προσδιορίζονται όπως πριν. 
Και εδώ χρησιμοποιείται ένα δίκτυο τύπου NARX.   
 
Ορισμένα αποτελέσματα του αλγόριθμου πρόβλεψης απεικονίζονται στην εικόνα 9. Η 
πρόβλεψη αποτελέσματος είναι αποδεκτή, ειδικά για τον σκοπό της παρούσας 
εφαρμογής, παρά τα λίγα δεδομένα εκπαίδευσης. Το R2 για τις δοκιμές ελέγχου του 
κλειστού δικτύου είναι ~90% στην ηλεκτρική πρόβλεψη και 75% στη θερμική πρόβλεψη 
ανάλογα κάθε φορά με την τυχαία αρχικοποίηση των βαρών από τη Matlab. 
  
Εικόνα 9: Πραγματική ζήτηση και τιμές πρόγνωσης για τιμές εκτός του σετ 
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1.11 Προσομοιω σεις που πραγματοποιη θηκαν με το 
DEPOSIT  
11 προσομοιώσεις εκτελέστηκαν με το λογισμικό DEPOSIT. Κύριος σκοπός ήταν να 
αναδειχθεί η σημασία των μεθοδολογιών προσομοίωσης σε επίπεδο συνοικίας, στην 
κατανάλωση πρωτογενούς ενέργειας και στην εξοικονόμηση κόστους. Διαφορετικοί 
στόχοι προσομοιώθηκαν: σενάρια με στόχο την εξοικονόμηση πρωτογενούς ενέργειας 
στην συνοικία και σενάρια με στόχο την μείωση του κόστους λειτουργίας, έτσι ώστε να 
παρουσιαστούν τα οφέλη μιας λογικής  έξυπνου ελέγχου, αλλά τα οφέλη που έχει το 
κόνσεπτ της αποκεντρωμένης συμπαραγωγής σε μία συνοικία. 
Ειδικότερα οι στόχοι των προσομοιώσεων: 
1. Εκτίμηση των δυνατοτήτων εξοικονόμησης πρωτογενούς ενέργειας σε μια 
συνοικία με μονάδες μ-ΣΗΘ και δεξαμενές αποθήκευσης , που παρέχουν θερμότητα 
και ηλεκτρισμό στην περιοχή και εξαγωγές ηλεκτρισμού προς το δίκτυο. 
2. Εκτίμηση της επένδυσης ή/και οικονομικό αποτέλεσμα μιας τέτοιας συνοικίας. 
3. Να εξεταστεί η διαφορά στην κατανάλωση πρωτογενούς ενέργειας, αν ο 
συντελεστής πρωτογενούς ενέργειας για το ρεύμα είναι σταθερός ή μεταβλητός 
(και υπολογίζεται σύμφωνα με τη σύνθεση της ηλεκτροπαραγωγής). Η ωριαία 
εκκαθάριση πρωτογενών πόρων είναι περισσότερο ακριβής σε σύγκριση με ένα 
ετήσιο ισοζύγιο. Η διαφορά αυτή μπορεί να παρουσιαστεί συγκρίνοντας μια 
προσομοίωση με μεταβλητό και μία με σταθερό PEF. 
4. Να συγκριθούν οι διάφορες στρατηγικές λειτουργίας: Μέγιστη ισχύς, θερμική 
λειτουργία με ελαχιστοποίηση πρωτογενούς ενέργειας, και, θερμική και ηλεκτρική 
λειτουργία με στόχο το ελάχιστο κόστος, και να φανούν τα προτερήματα της 
πρόγνωσης φορτίου.  
5. Να συγκριθούν οι δυνατότητες εξοικονόμησης ενέργειας του προτεινόμενου 
κόνσεπτ διασυνδεδεμένης συμπαραγωγής, σε δύο περιοχές με εντελώς 
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Πίνακας 5: Γλωσσάρι για τις προσομοιώσεις  
M : Μόναχο Α : Αθήνα    
ΡE.C : με 
σταθερό 
συντελεστή 
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Ο πίνακας 5&6 παραθέτει τις προσομοιώσεις που πραγματοποιήθηκαν με το λογισμικό 
DEPOSIT, για τις δύο υποθετικές περιοχές στην Αθήνα και το Μόναχο. Στις εικόνες 9&10, 






Πίνακας 6: λίστα με προσομοιώσεις που εκτελέστηκαν 
Κατάλογος  προσομοιώσεων που εκτελέστηκαν 










Κεφάλαιο 1: Ελληνικο κειμενο 
ΑΝΑΠΤΥΞΗ ΕΡΓΑΛΕΙΩΝ ΕΝΕΡΓΕΙΑΚΗΣ ΠΡΟΣΟΜΟΙΩΣΗΣ ΚΤΙΡΙΩΝ  ΚΑΙ ΣΥΝΟΙΚΙΩΝ ΜΕ ΑΠΟΚΕΝΤΡΩΜΕΝΗ ΠΑΡΑΓΩΓΗ 
ΚΑΙ  ΑΠΟΘΗΚΕΥΣΗ ΘΕΡΜΙΚΗΣ ΕΝΕΡΓΕΙΑΣ           301 
 





Εικόνα 10: Διάγραμμα προσομοιώσεων για την  Αθήνα 
 
1.11.1 Μελέτη περίπτωσης 1 - Μόναχο  
Η προσομοίωση στο Μόναχο με το λογισμικό DEPOSIT, εξετάζει τα οφέλη και την  
εξοικονόμηση μέσω της εγκατάστασης μ-ΣΗΘ μονάδων σε μια γειτονιά στο πιο 
κεντρικό/εμπορικό τμήμα μίας πόλης, που αποτελείται κυρίως από κτήρια του 
τριτογενούς τομέα. Αυτά τα τμήματα της πόλης, στις δυτικοευρωπαϊκές πόλεις, είναι 
κοντά στην κεντρική αγορά και συνήθως στεγάζουν πολλές εταιρείες. Διαθέτουν κυρίως 
κτήρια γραφείων και ξενοδοχείων και λιγότερα κτήρια κατοικίας, κυρίως πολυκατοικίες ή 
συγκροτήματα, που ανήκουν σε εταιρείες και είναι πολύ συχνά μισθωμένα σε ανθρώπους 
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που εργάζονται στα γραφεία της γύρω περιοχής. Οι μονοκατοικίες είναι σπάνιες σε αυτό 
το είδος της συνοικίας. Η σύνθεση της συνοικίας που δημιουργήθηκε για το Μόναχο, εδώ 
παρουσιάζεται στον πίνακα 7. Η γεωμετρία όπως δημιουργήθηκε από τον αλγόριθμο στον 
πίνακα 8 και οι επιλεγμένες μονάδες συμπαραγωγής στον πίνακα 9. 
 
 











































































































































































800 2 1600 2,8% 































1350 7 9450 16,7% 
 
 














Διαστάσεις περιοχής 370m x 115m 
Δευτερεύοντες βρόγχοι 12 
Εμβαδό οικοδομικών 






Συνολική έκταση 29000m2 
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0 0 0 0 0 1 1 19 222.3 106.3 
SOFC 
Staxera 
2.5 1.5. 4 1 1 0 0 0 0 54 135 81.0 
Whispergen 
Striling 
7.4 1.0 0 0 0 1 1 1 1 43 318.2 41,8 
   
Συνολική 
θερμική 
ισχύς (kW)  
90 15 30 44,4 133,2 229.2 133.7 - 675.5 229.1 
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1.11.2 Μελέτη περίπτωσης 2 - Αθήνα  
Η γειτονιά που σχεδιάστηκε για τις προσομοιώσεις της Αθήνας, είναι μια γειτονιά  σε 
προάστια με κυρίως μονοκατοικίες και πολυκατοικίες. Αυτή η περιοχή υποτίθεται είναι  
κοντά στην εμπορική περιοχή και γι αυτό να υπάρχουν ορισμένα ξενοδοχεία. Η σύνθεση 
των κτηρίων της περιοχής που χρησιμοποιήθηκε για τις προσομοιώσεις της Αθήνας 
παρουσιάζεται στον πίνακα 10. 
 



























































































































































































144 50 7200 11.49% 
Type 2a MFH1 1500 11 16500 26.34% 
Πολυκατοικίες 
30,2% Type 2b 
MFH3 
low 















Διαστάσεις περιοχής 700m x 310m 
Δευτερεύοντες βρόγχοι 19 
Εμβαδό οικοδομικών 
 τετραγώνων  
 
10600τ.μ. 
Αριθμός οικοδομικών τετραγώνων 17 
Συνολική έκταση 217000μ2 
Κεφάλαιο 1: Ελληνικο κειμενο 
ΑΝΑΠΤΥΞΗ ΕΡΓΑΛΕΙΩΝ ΕΝΕΡΓΕΙΑΚΗΣ ΠΡΟΣΟΜΟΙΩΣΗΣ ΚΤΙΡΙΩΝ  ΚΑΙ ΣΥΝΟΙΚΙΩΝ ΜΕ ΑΠΟΚΕΝΤΡΩΜΕΝΗ ΠΑΡΑΓΩΓΗ ΚΑΙ  ΑΠΟΘΗΚΕΥΣΗ ΘΕΡΜΙΚΗΣ ΕΝΕΡΓΕΙΑΣ         




Πίνακας 12:  Σύνθεση μονάδων μ-ΣΗΘ για τη συνοικία στην Αθήνα, περιοχή κατοικιών 





Χαρακτηριστικά ομάδων μ-ΣΗΘ 
Τύπος 
μονάδας 




























0 0 0 1 9 105.3 50.4 
SOFC 
Staxera 
2.5 1.5 0 2 4 0 34 85 51.0 
Whispergen 
Striling 
7.4 1.0 0 2 0 0 22 162.8 21.4 




0 217.8 30 105.3 - 353.1 122.7 
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1.12 Συμπερα σματα – προτα σεις για μελλοντικη  εργασι α 
Τα αναλυτικά αποτελέσματα των μελετών περίπτωσης είναι διαθέσιμα στο αγγλικό 
κείμενο στο κεφάλαιο 5. Παρακάτω παρατίθενται τα συμπεράσματα. 
1.12.1 Λογισμικό προσομοίωσης. 
Σε αυτή την διδακτορική διατριβή δημιουργήθηκε στο περιβάλλον Matlab ένα λογισμικό 
προσομοίωσης με πολλαπλούς σκοπούς : α) να είναι σε θέση να συνδράμει στην 
δημιουργία και αξιολόγηση των θερμικών και ηλεκτρικών δικτύων σε μικρές ομάδες 
κτηρίων ή συνοικίες, β) να υπολογίζει το κόστος λειτουργίας και την οικονομική 
βιωσιμότητα των εν λόγω μικρο-δικτύων, γ) να μπορεί να αξιολογήσει τα πιθανά 
περιβαλλοντικά οφέλη , δ) να εξετάζει διαφορετικές στρατηγικές λειτουργίας, με 
διαφορετικούς στόχους , ε)να εξετάζει και αξιολογεί την απόδοση διαφόρων μ-ΣΗΘ 
συστημάτων στο περιβάλλον ενός μικρο-δικτύου. 
 
Το DEPOSIT που αναπτύχθηκε υπό την αιγίδα του εργαστηρίου ετερογενών μειγμάτων 
και συστημάτων καύσης του ΕΜΠ, κάνει μία αριθμητική προσομοίωση της συνοικίας σαν 
σύνολο, του δικτύου των σωληνώσεων και των μονάδων παραγωγής θερμότητας και/ή 
ηλεκτρισμού. Οι υπολογισμοί γίνονται με ωριαίο βήμα. Υπολογίζει τη συνολική ζήτηση 
θερμότητας της περιοχής, συμπεριλαμβανομένων των θερμικών απωλειών των 
σωληνώσεων. Ο στόχος είναι να καλύψει τις ηλεκτρικές και θερμικές ανάγκες της 
περιοχής. 
 Διάφορα σενάρια λειτουργίας (πλήρης ισχύς, ελαχιστοποίηση κόστους και θερμικά 
καθοδηγούμενη ελαχιστοποίηση κατανάλωση πρωτογενών πόρων) εξετάζονται. Με βάση 
τους περιορισμούς των συστημάτων παραγωγής, τους περιορισμούς και την 
αποδοτικότητα των μ-ΣΗΘ, τις τιμές των καυσίμων και του ρεύματος, και τους 
συντελεστές πρωτογενούς ενέργειας, επιλέγεται για κάθε βήμα η λειτουργία των 
μονάδων . Τιμές καυσίμων, και αγοράς και πώλησης ηλεκτρικής ενέργειας μεταβάλλονται 
συνεχώς για να προσομοιωθεί η αγορά ενέργειας. Δεξαμενές νερού χρησιμοποιούνται για 
προσωρινή αποθήκευση θερμότητας και φορτίζονται/εκφορτίζονται ακολουθώντας τη 
βέλτιστη στρατηγική ελέγχου που επιλέγει το λογισμικό. 
Τρία διαφορετικά συστήματα συμπαραγωγής μπορούν να εξετάζονται και δύο 
συστήματα αναφοράς. Τα χαρακτηριστικά του κάθε συστήματος εισάγονται στο 
λογισμικό: Θερμική απόδοση, καμπύλες λόγου ισχύος-θερμότητας και οι περιορισμοί 
λειτουργίας κάθε μονάδας (μέγιστη μεταβολή θερμικής ισχύος ανά χρονικό διάστημα, 
μέγιστη/ελάχιστη θερμική ισχύς, και μέγιστη/ελάχιστη ηλεκτρική ισχύς εξόδου). Η 
υποβάθμιση της ηλεκτρικής απόδοσης των κυψελών καυσίμου υπολογίζεται επίσης και 
λαμβάνεται υπόψη. 
 
Οι προσομοιώσεις που εκτελέστηκαν, έδειξαν την αναγκαιότητα ενός εργαλείου  
συνολικής αξιολόγησης για την ενεργειακή απόδοση των περιοχών με θερμικά και 
ηλεκτρικά μικρο-δίκτυα. Επίσης ανέδειξαν, πόσο σημαντική είναι η σύνθεση κτηρίων της 
περιοχής, πως ο αριθμός των μονάδων συμπαραγωγής επηρεάζει το λειτουργικό κόστος 
και την εξοικονόμηση πρωτογενούς ενέργειας, και πώς ο αριθμός των δεξαμενών 
αποθήκευσης σε συνδυασμό με το μέγεθος της δεξαμενής επηρέαζε την αποδοτικότητα 
και χρήση των αποθεμάτων. Τα παραπάνω αποδείξαν ότι κάποιες αλλαγές στα 
παραπάνω, μπορούν να μετατρέψουν μία συνοικία (τέτοιου τύπου), από εντελώς 
ασύμφορη (οικονομικά και/ή περιβαλλοντικά σε σύγκριση με το βασικό σενάριο με 
λέβητες αναφοράς), σε ένα βιώσιμο σχέδιο που αξίζει να πραγματοποιηθεί. Ακόμη και 
κατά τη διάρκεια της δημιουργίας των περιπτώσεων δοκιμών, αλλά και αφού 
ολοκληρώθηκαν οι υπολογισμοί και γράφτηκαν τα αποτελέσματα, ενισχύθηκε το νόημα 
ενός τέτοιου λογισμικού ακόμη περισσότερο, όπως σκιαγραφείται από τις αδυναμίες και 
τα αρνητικά της κάθε εγκατάστασης που παρουσιάστηκαν στα αποτελέσματα. Στην αρχή 
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οι προσομοιώσεις επαναλήφθηκαν με  μικρές τροποποιήσεις στην σύνθεση τους, είτε για 
καλύτερα αποτελέσματα εξοικονόμησης ή για την καλύτερη παρουσίαση των 
προβλημάτων/δυσκολιών και της πραγματικότητας στον αναγνώστη. Μετά την 
ολοκλήρωση της ανάλυσης των αποτελεσμάτων, διαπιστώθηκαν πολλές αλλαγές που θα 
μπορούσαν να έχουν γίνει για να επιτύχουμε καλύτερα αποτελέσματα όσον αφορά την 
αποδοτικότητα του όλου σχεδίου διασυνδεδεμένης περιοχής. Αυτό απέδειξε την 
χρησιμότητα του λογισμικού για μηχανικούς, σχεδιαστές, επενδυτές, εταιρείες 
ενέργειας/ηλεκτρισμού και αρχές. 
Μπορεί να βοηθήσει τους μηχανικούς και σχεδιαστές που επιθυμούν να σχεδιάσουν μια 
βιώσιμη, ενεργειακά αυτόνομη περιοχή, να προσομοιώσουν τη λειτουργία των μονάδων 
μ-ΣΗΘ και του δικτύου, να επιλέξουν τα συστήματα και αριθμό συσκευών που πρέπει να 
εγκατασταθούν, το μέγεθος και αριθμό των δεξαμενών και να επιλέξουν στρατηγική 
λειτουργίας, ανάλογα με τους στόχους τους. 
 
Επενδυτές που θέλουν να χρηματοδοτήσουν συστήματα συμπαραγωγής και την 
δημιουργία τοπικών δικτύων θερμότητας μπορούν να έχουν στοιχεία για το λειτουργικό 
κόστος και τον χρόνο απόσβεσης της επένδυσης τους, καθώς και να επιλέξουν ποια 
κτήρια και συγκροτήματα να συμπεριλάβουν στο σχέδιο και υπό ποιες 
τιμολογήσεις/επιδοτήσεις θα είναι συμφέρον. 
 
Εταιρείες ηλεκτρισμού μπορούν να χρησιμοποιήσουν εργαλεία προσομοίωσης όπως το 
λογισμικό DEPOSIT για την εκτίμηση της ηλεκτρικής ενέργειας που παράγεται και 
διοχετεύεται στις εγκαταστάσεις τους από την αποκεντρωμένη συμπαραγωγή, σε 
πραγματικές συνθήκες, υπό διαφορετικές στρατηγικές λειτουργίας και να έχουν επίσης 
πληροφορίες για το ποιο ποσοστό της συμπαραγωγής  αυτο-καταναλώνεται από την 
συνοικία, έτσι ώστε να μπορούν να αξιολογούν και να τροποποιούν τις επιδοτήσεις και 
τιμές αγοράς ρεύματος και να μεταβάλουν τα έξοδα για τη χρήση του δικτύου από τους 
συμπαραγωγούς αναλόγως. 
 
Οι αρχές μίας χώρα ή  περισσοτέρων που σχεδιάζουν νομοθεσίες, περιβαντολλογικές 
δράσεις, δράσεις εξοικονόμησης ενέργειας και αύξησης αποδοτικότητας και θέλουν να 
δημιουργήσουν μια βάση δεδομένων για τα περιβαλλοντικά οφέλη από τη χρήση της 
συμπαραγωγής σε μικρές ημιαυτόνομες περιοχές, μπορούν να χρησιμοποιήσουν τον 
αλγόριθμο για τον υπολογισμό του πραγματικού περιβαλλοντικού οφέλους και μείωσης 
πρωτογενούς κατανάλωσης, υπό διάφορες στρατηγικές λειτουργίας, με ωριαία 
προσομοίωση και με πραγματικούς μεταβαλλόμενους συντελεστές πρωτογενούς 
ενέργειας. Ως εκ τούτου, οι φορολογικές ελαφρύνσεις και τα επιδοτούμενα τιμολόγια 
μπορούν να βαθμονομηθούν σωστά, με βάση το πραγματικό όφελος από τη λειτουργία 
των εγκαταστάσεων αυτών και όχι από τις τυποποιημένες μέσες ετήσιες τιμές που δεν 
αντιπροσωπεύουν την πραγματικότητα. 
 
1.12.2 Κλιματολογικές συνθήκες  
Η προσομοίωση στην Αθήνα και το Μόναχο, σε δύο πόλεις με πολύ διαφορετικά κλίματα, 
έδειξε ότι στις θερμότερες περιοχές, οι ώρες λειτουργίας των μονάδων συμπαραγωγής 
είναι πολύ λιγότερες. Αυτό περιορίζει τις δυνατότητες εξοικονόμησης ενέργειας και τη 
βιωσιμότητα του σχεδίου, διότι το κόστος των επενδύσεων δεν διαφέρει πολύ. Μπορεί να 
χρειαστούν λιγότερα συστήματα συμπαραγωγής, αλλά το κόστος 
δικτύωσης/σωληνώσεων και οι μονάδες ελέγχου και τα διάφορα υπο-συστημάτα είναι 
παρόμοια. Επιπλέον, η συνολική ζήτηση θερμότητας ανά επιφάνεια περιοχής είναι πολύ 
χαμηλότερη, και αντίστοιχα χαμηλό είναι το κόστος θέρμανσης. Το κόστος της ηλεκτρικής 
ενέργειας είναι παρόμοιο και το υψηλό κόστος το καλοκαίρι για ψύξη, δεν επηρεάζει τις 
προσομοιώσεις, γιατί καλύπτεται από το δίκτυο ηλεκτρικής ενέργειας (δεν είναι 
συμφέρουσα η λειτουργία μ-ΣΗΘ για την τρέχουσα τιμή καυσίμων, μόνο για 
ηλεκτροπαραγωγή, χωρίς χρήση της θερμότητας).Αυτό σημαίνει ότι ακόμη και μια 
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σημαντική μείωση του κόστους κατά περισσότερο από 10% ή 20%, είναι μικρή σαν 
απόλυτη τιμή, και δεν δικαιολογεί εύκολα την εγκατάσταση τέτοιων συστημάτων. Μόνο 
διαφορετικές οικονομικές συνθήκες (επιδότηση παραγόμενης kWh, φοροαπαλλαγές, 
επιδοτήσεις για περιβαλλοντικά οφέλη) θα κάνουν το κόνσεπτ περισσότερο ελκυστικό σε 
μία περιοχή θερμού κλίματος, όπως η Αθήνα. 
 
Από την άλλη πλευρά, οι προσομοιώσεις έδειξαν ότι σε ψυχρότερες περιοχές, οι αραιές 
χρονικά απαιτήσεις θερμότητας τις εποχές ανοιξη-καλοκαίρι-νωρίς το φθινόπωρο, 
απαιτούν συχνές κρύες εκκινήσεις των μ-ΣΗΘ, που δεν ευνοούν την αποτελεσματικότητα. 
Επιπλέον, ο άστατος καιρός στο Μόναχο και σε άλλες βορειοδυτικές ευρωπαϊκές 
περιοχές, που επιβάλλει ζήτηση για θέρμανση κάποιες ώρες την άνοιξη ή το καλοκαίρι, 
οδηγεί σε μεγάλές απώλειες του δικτύου σωληνώσεων νερού ή απώλειες αναθέρμανσης 
και άρα δαπάνες, οι οποίες δεν ευνοούν συστήματα κεντρικής ή αποκεντρωμένης 
θέρμανσης με μεγάλα δίκτυα σωληνώσεων.  
Οι παραπάνω δυσκολίες σε περιοχές με ζεστό καιρό αλλά και σε περιοχές με ασταθείς 
κλιματολογικές συνθήκες το καλοκαίρι, υπαγορεύουν για ομαλότερο προφίλ θερμικής 
ζήτησης με πολλές ώρες λειτουργίας ανά έτος. Αυτό οδηγεί στην σωστή επιλογή τύπου 
συνοικίας που αναλύεται παρακάτω. 
 
1.12.3 Τύπος συνοικίας/σύνθεση κτηρίων 
Η επίδραση των κτηρίων, τα οποία αποτελούν μια διασυνδεδεμένη κοινότητα μικρο-
συμπαραγωγής, είναι μεγάλη στο θερμικό και ηλεκτρικό προφίλ της συνοικίας, που 
επενεργεί στη διαστασιολόγηση των μ-ΣΗΘ, των δεξαμενών αποθήκευσης, των 
εφεδρικών συστημάτων θέρμανσης και  στη συνέχεια στη λειτουργία όλων αυτών των 
συστημάτων και μεταβάλει τα οικονομικά και περιβαλλοντικά αποτελέσματα. 
 
Σε μια συμβατική περίπτωση μικρο-συμπαραγωγής, μία ή περισσότερες μ-ΣΗΘ είναι 
εγκατεστημένες σε ένα κτήριο, το οποίο διαθέτει δοχείο αποθήκευσης θερμότητας και η 
μονάδα λειτουργεί σύμφωνα με διαφορετικές στρατηγικές αποκλειστικά για την κάλυψη 
των θερμικών αναγκών (και ηλεκτρικών, ανάλογα με την επιδότηση ή μη της εξαγωγής 
ρεύματος) του συγκεκριμένου κτηρίου. Επομένως η αποδοτικότητα του συστήματος 
περιορίζεται από τη χωρητικότητα της δεξαμενής αποθήκευσης, από το προφίλ ζήτησης 
του συγκεκριμένου κτηρίου, από την μέγιστη ισχύ των συστημάτων συμπαραγωγής και 
από το διάγραμμα συχνότητας-φορτίου των θερμικών αναγκών του κτηρίου. Κατά 
συνέπεια, υπήρχαν μόνο λίγα είδη κτηρίων, που ήταν κατάλληλα για μονάδες 
συμπαραγωγής: κυρίως κτήρια τριτογενή τομέα, ή κτήρια, σε πολύ κρύες περιοχές με 
υψηλή επιδότηση στον παραγόμενο ηλεκτρισμό.  
 
Στο προτεινόμενο είδος ημιαυτόνομης συνοικίας, πολλά διαφορετικά κτήρια 
διασυνδέονται με θερμικά και ηλεκτρικά δίκτυα, μαζί με ορισμένες μονάδες μ-ΣΗΘ και 
δεξαμενές θερμότητας. Δεν υπάρχει προτεραιότητα και κάθε σύστημα συμβάλλει στη 
θερμική ζήτηση όλων των κτηρίων. Αυτό σημαίνει ότι οι καμπύλες θερμικής και 
ηλεκτρικής ζήτησης εξομαλύνονται και οδηγεί σε περισσότερες ώρες λειτουργίας, 
λιγότερες εκκινήσεις, πιο αποδοτική λειτουργία, μικρότερο απαιτούμενο όγκο δεξαμενών 
αποθήκευσης, και λιγότερες μονάδες συμπαραγωγής.  
 
Ωστόσο, ανάλογα με τα κτήρια που απαρτίζουν τη γειτονιά, τα παραπάνω οφέλη 
διαφέρουν. Το ανάμειξη διαφορετικών τύπων κτηρίων με διαφορετική χρήση και επίπεδα 
μόνωσης κελύφους, είναι προτιμότερη ώστε η εξομάλυνση της συνολικής ζήτησης να 
ενισχύεται.  
 
Αν επιλεγεί μόνο ένας τύπος κτηρίου (γραφεία, για παράδειγμα), τότε αυτή η περιοχή θα 
έχει πολύ υψηλή απαίτηση θερμότητας κατά τις ώρες εργασίας , αλλά καθόλου ή λίγη τις 
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μη εργάσιμες ώρες. Αυτό θα μείωνε την αποδοτικότητα και θα απαιτούσε πολύ μεγάλες 
δεξαμενές αποθήκευσης. Αντίθετα μια μικτή συνοικία με επιπλέον κτήρια κατοικιών θα 
απαιτεί θερμότητα και σε μη εργάσιμες ώρες, και επομένως, θα διαμόρφωνε ένα συνολικό 
προφίλ ζήτησης με λιγότερα σκαμπανεβάσματα. 
 
Ξενοδοχεία και κτήρια του τριτογενούς τομέα με προφίλ μακράς διάρκειας βοηθούν το 
κόνσεπτ, ενώ τα κτήρια κατοικιών έχουν πολλές τιμές αιχμής στα προφίλ τους και θα 
πρέπει να συνδυάζονται με άλλους τύπους κτηρίων. Αυτό μπορεί να το δει κανείς στις 
προσομοιώσεις της Αθήνας, όπου οι πολλές μονοκατοικίες δημιουργούν μια εξαιρετικά 
ρευστή ζήτηση, με πολύ υψηλές και πολύ χαμηλές τιμές. 
 
Bέβαια, οι προσομοιώσεις στην Αθήνα έχουν δείξει ότι με στρατηγική μείωσης 
πρωτογενούς ενέργειας και με έξυπνη λειτουργία με πρόβλεψη ζήτησης, επιτυγχάνεται 
ένα πολύ μεγάλο ποσοστό κάλυψης της ζήτησης θερμότητας από τα μ-ΣΗΘ και επαρκής 
εξοικονόμηση πρωτογενούς ενέργειας. Για παράδειγμα, παρόλο που ο λόγος μέγιστης 
θερμικής ισχύος μ-ΣΗΘ προς τη μέγιστη θερμική απαίτηση της συνοικίας είναι 26%, 
επιτυγχάνεται ~85% κάλυψη από τα μ-ΣΗΘ, με 15% να καλύπτεται έμμεσα από το 
σύστημα αποθήκευσης θερμότητας μέσω υπερπαραγωγής τα προηγούμενα βήματα. Από 
την άλλη, στο Μόναχο, όπου η ζήτηση είναι πιο διαρκής και ομαλότερη, ενώ ο λόγος 
παραγωγής προς ζήτηση είναι παρόμοιος (27,5% ), η μέγιστη κάλυψη της συμπαραγωγής 
στη θερμότητα είναι 80% (με 11% μέσω αποθήκευσης) στην αντίστοιχη 
προσομοίωση  M.PE.V.2F. 
 
Ένα άλλο σημαντικό χαρακτηριστικό μίας τέτοιας εγκατάστασης είναι η σύμπτωση 
ηλεκτρικής και θερμική ανάγκης. Η λέξη συμπαραγωγή, σημαίνει ότι θερμότητα και 
ηλεκτρισμός δημιουργούνται ταυτόχρονα από τις μονάδες μ-ΣΗΘ. Εάν τα κτήρια σαν 
σύνολο στην περιοχή δημιουργούν καμπύλες ζήτησης θέρμανσης και ηλεκτρισμού που 
ταυτίζεται η εξέλιξη τους, αυτό ευνοεί τη συνολική απόδοση. Αλλά, στις περισσότερες 
περιπτώσεις, αυτό δεν είναι εύκολο να επιτευχθεί και μπορεί να επηρεαστεί από 
εξωτερικές παραμέτρους και τη συμπεριφορά των χρηστών. Σε αυτές τις περιπτώσεις η 
χρήση των δεξαμενών αποθήκευσης, μαζί με τη γνώση της εξέλιξης των τιμών ηλεκτρικής 
ενέργειας, επιτρέπει την εξοικονόμηση χρημάτων, ακόμα και όταν υπάρχει μια χρονική 
μετατόπιση μεταξύ των δύο καμπυλών 
 
Όταν σχεδιάζεται ένα τέτοιο δίκτυο σε μία περιοχή, αν τα κτήρια δεν έχουν 
κατασκευαστεί ακόμα ή αν είναι ακόμη απροσδιόριστο, τι κτήρια θα περιλαμβάνονται 
στη συνοικία, μια προσομοίωση της συνοικίας με το DEPOSIT (δοκιμάζοντας και 
συνδυάζοντας διαφορετικούς τύπους και κατασκευές κτηρίων), μπορεί να επιτύχει 
καλύτερη σύνθεση συνοικίας και να εξασφαλισθεί η μέγιστη δυνατή αποτελεσματικότητα 
της μελλοντικής πραγματικής λειτουργίας. 
 
1.12.4  Θερμικές απώλειες σωληνώσεων   
Οι θερμικές απώλειες των σωληνώσεων είναι ένα αναπόφευκτο μειονέκτημα ενός 
κόνσεπτ τηλεθέρμανσης, παρά την πολύ καλή θερμομόνωση και το γεγονός ότι είναι 
υπόγειες. Οι προσομοιώσεις έδειξαν , ιδιαίτερα σε περιοχές με χαμηλή πυκνότητα ζήτησης 
θερμότητας, όπως η Αθήνα, ότι, οι θερμικές απώλειες των υπογείων σωληνώσεων, 
μπορούν να διαδραματίσουν σημαντικό ρόλο στην αποτυχία ενός τέτοιου εγχειρήματος. 
Τα πρώτα αποτελέσματα έδειξαν, ότι αν η θερμική αγωγιμότητα του περιβλήματος 
θερμομόνωσης των σωληνώσεων ήταν 0.033W/mK , οι θερμικές απώλειες θα ήταν 
αρκετά υψηλές, ώστε η μείωση του λειτουργικού κόστους (με το υλοποιούμενο κόνσεπτ) 
θα ήταν αμελητέα. Όταν αντικαταστάθηκε το υλικό θερμομόνωσης με  άλλου 
κατασκευαστή, με συντελεστή θερμικής αγωγιμότητας 0,025W/mK, τα αποτελέσματα 
ήταν σαφώς καλύτερα και επιτεύχθηκαν ικανοποιητικά αποτελέσματα. Στην περιοχή του 
Μονάχου, λόγω της πολύ υψηλής πυκνότητας ζήτησης, εξαιτίας του ψυχρού καιρού και 
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της υψηλής κατανάλωσης των κτηρίων του τριτογενή τομέα, η θερμομόνωση 
σωληνώσεων δεν επηρέαζε σημαντικά την έκβαση των αποτελεσμάτων. Φυσικά, τα 
αποτελέσματα ήταν καλύτερα με τη βελτιωμένη μόνωση, αλλά δεν είναι τόσο 
καθοριστικά για την απόσβεση ή την βιωσιμότητα του έργου.    
 
 
1.12.5 Τύπος μονάδας συμπαραγωγής   
Τρεις διαφορετικές τεχνολογίες συμπαραγωγής έχουν χρησιμοποιηθεί στην παρούσα 
εργασία, ένας κινητήρας εξωτερικής καύσης (EHE Whispergen Stirling) , ένας κινητήρας 
εσωτερικής καύσης (AISIN SEIKI) και μία πειραματική μονάδα κυψέλης καυσίμου (FC-
District/Staxxera SOFC). Μολονότι ένα μοντέλο δεν αντιπροσωπεύει πλήρως μια 
ολόκληρη κατηγορία συμπαραγωγής, αφού κάθε κατασκευαστής μπορεί να υλοποιήσει 
μια τεχνολογία καλύτερα ή χειρότερα, ωστόσο ορισμένα βασικά χαρακτηριστικά της 
τεχνολογίας, όπως ο λόγος ηλεκτρικής ενέργειας/θερμότητας, οι χρόνοι μεταβολής 
φορτίου και η ικανότητα τους να ακολουθούν το φορτίο, είναι σχετικά κοινά. Ως εκ 
τούτου, 3 διαφορετικές μονάδες, έχουν επιλεγεί, με στόχο να εξεταστεί μια σύνθεση 
διαφορετικών μονάδων και πώς θα συμπεριφερθεί σε μια διασυνδεδεμένη συνοικία. Ο 
στόχος δεν ήταν να επιτευχθεί ο βέλτιστος συνδυασμός μονάδων για την επίτευξη του 
ελάχιστου κόστους και πρωτογενούς ενέργειας. 
Από τις προσομοιώσεις που εκτελέστηκαν στο Μόναχο και την περιοχή της Αθήνας έγιναν 
οι ακόλουθες παρατηρήσεις: 
- Οι μονάδες SOFC, προσαρμόζονται αργά στα φορτία και δεν μπορούν να 
σταματήσουν τη λειτουργία τους συχνά. Γι αυτό χρησιμοποιούνται κυρίως ως 
μονάδες φορτίου βάσης και προσαρμόζουν το εύρος λειτουργίας τους ανάλογα με 
την θερμική ζήτηση που πρέπει να παραχθεί και ανάλογα με τη λειτουργία των 
άλλων τύπων μ-ΣΗθ της συνοικίας. Εάν η θερμική ζήτηση υπερτερεί της ηλεκτρικής 
ζήτησης, τότε μπορεί να προτιμηθούν άλλοι τύποι μονάδας με υψηλότερη θερμική 
απόδοση (πχ. μονάδες Stirling) και τα SOFC να λειτουργήσουν σε χαμηλό επίπεδο. 
Η υποβάθμιση της ηλεκτρικής απόδοσης τους, επηρεάζει επίσης τα αποτελέσματα, 
γιατί καθώς η ηλεκτρική απόδοση μειώνεται, η θερμική ισχύς αυξάνει και αλλάζει ο 
λόγος ηλεκτρικής ενέργειας/θερμότητας. Ωστόσο, καθώς οι προσομοιώσεις 
αφορούσαν μόνο  1 έτος, η αλλαγή αν και υπολογίστηκε, δεν είχε σημαντική 
επίδραση στα αποτελέσματα, καθώς η πτώση της ηλεκτρικής απόδοσης ήταν πολύ 
μικρή. Ένα άλλο σημαντικό χαρακτηριστικό των SOFC είναι ο περιορισμός στην 
διακοπή και επανεκκίνηση της λειτουργίας τους. Μόνο μια φορά το χρόνο είναι 
αποδεκτή μία περίοδος απενεργοποίησης, για να αποφευχθεί βλάβη λόγω 
θερμοκρασιακών διαφορών. Συνεπώς, η περίοδος αδράνειας, που είναι συνήθως το 
καλοκαίρι για να αποφευχθεί η απόρριψη θερμότητας, πρέπει να προγραμματιστεί 
σωστά, αφού ένας πρώιμος τερματισμός την άνοιξη ή μια πρώιμη εκκίνηση μετά  το 
καλοκαίρι δεν μπορεί να αναιρεθεί. Για αυτό ένα λογισμικό προσομοίωσης 
συνοικιών όπως το DEPOSIT είναι απαραίτητο, σε συνδυασμό με τα επαρκή 
δεδομένα κατανάλωσης ή με αποτελέσματα θερμικών προσομοιώσεων, μαζί με  
καιρικά δεδομένα.    
- Οι μονάδες εσωτερικής καύσης, αποδίδουν πολύ καλά σε όλες τις καταστάσεις. 
Μεταβάλουν την ισχύ τους γρήγορα, έχουν γρήγορη εκκίνηση και απενεργοποίηση, 
έχουν μεγάλο εύρος ισχύος και έχουν υψηλή ηλεκτρική απόδοση με υψηλό λόγο 
ηλεκτρικής προς θερμική απόδοση. Η μονάδα εσωτερικής καύσης της AISIN 
παρουσιάζει υψηλή θερμική απόδοση στα χαμηλά επίπεδα λειτουργίας, η οποία 
είναι καθοριστική για τον τρόπο με τον οποίο ο αλγόριθμος την χρησιμοποιεί. Όταν 
το κόστος για κάλυψη της θερμικής ζήτησης (ή η κατανάλωση πρωτογενούς 
ενέργειας, ανάλογα με την περίπτωση) κυριαρχεί πάνω από το κόστος ηλεκτρικού 
ρεύματος, ο αλγόριθμος επιλέγει να λειτουργήσει τις  μονάδες AISIN σε χαμηλά 
επίπεδα ώστε να εκμεταλλευτεί τον υψηλό θερμικό βαθμό απόδοσης και 
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χρησιμοποιεί και άλλο τύπο μ-ΣΗΘ (Stirling για παράδειγμα) για να βοηθήσει με το 
θερμικό φορτίο. Όταν το κόστος της ηλεκτρικής ζήτησης είναι υψηλό, η υψηλή 
ηλεκτρική έξοδος του ΜΕΚ εκμεταλλεύεται από τον αλγόριθμο  και λειτουργεί σε 
υψηλά επίπεδα λειτουργίας, αφού βέβαια αφαιρεθεί πρώτα η ηλεκτρική συμβολή 
του SOFC, που έχει υψηλότερο ηλεκτρικό βαθμό απόδοσης. Οι μονάδες της AISIN 
απενεργοποιούνται εντελώς εάν δεν υπάρχει ζήτηση, ή αν οι άλλες μονάδες 
προτιμηθούν από τον αλγόριθμο. 
- Ο κινητήρας Stirling που χρησιμοποιείται για τις προσομοιώσεις έχει ορισμένα 
ειδικά χαρακτηριστικά, όπως η αδυναμία του να προσαρμόζει το φορτίο του και 
μπορεί να λειτουργεί μόνο σε πλήρη ισχύ. Επιπλέον οι θερμικές διαδικασίες που 
λαμβάνουν χώρα κατά τη διάρκεια της πρώτης ώρας λειτουργίας μετά από 
εκκίνηση με κρύο κινητήρα (αγγλικό κείμενο 4.3.2), περιορίζουν την αρχική 
απόδοση του Stirling και η μονάδα καταναλώνει σημαντική ποσότητα καυσίμου, με 
περιορισμένη ηλεκτρική και θερμική ισχύ. Επομένως, στις Case2 (M.PE.C.2, 
M.PE.V.2 και A.PE.V.2) οι μονάδες Stirling  χρησιμοποιούνται ελάχιστα καθ' όλη τη 
διάρκεια της προσομοίωσης, επειδή ο αλγόριθμος αποτρέπει την εκκίνηση, καθώς  
οι άλλες μονάδες και οι εφεδρικοί λέβητες παρουσιάζουν καλύτερη απόδοση αυτή 
την ώρα. Ωστόσο  στις Case2F χρησιμοποιούνται, καθώς εξετάζεται η λειτουργία 
περισσότερων βημάτων και η απόδοση των μονάδων Stirling υπολογίζεται για το 
σύνολο της περιόδου, οπότε χρησιμοποιούνται, παρά τα χαρακτηριστικά της 
εκκίνησης με κρύο κινητήρα. Ένα άλλο χαρακτηριστικό του κινητήρα της 
Whispergen (και γενικά της τεχνολογίας Stirling) είναι η υψηλή θερμική απόδοση 
και ισχύς, σε συνδυασμό με χαμηλό ηλεκτρικό βαθμό απόδοσης και ισχύ. Το 
γεγονός αυτό καθορίζει τη χρήση τους από τον αλγόριθμο· χρησιμοποιούνται 
συχνά για να καλύψουν ένα μεγάλο μέρος των θερμικών αναγκών της περιοχής 
(συνήθως το μέρος της θερμικής ζήτησης αφού αφαιρεθεί η ελάχιστη θερμική ισχύς 
των SOFC), χρησιμοποιούνται για να φορτίσουν τις δεξαμενές αποθήκευσης όταν 
οι συνθήκες είναι ευνοϊκές, και στις στρατηγικές Case 2F και 3F, χρησιμοποιούνται 
για να ακολουθήσουν πολύ καλά τη χαμηλή θερμική ζήτηση, με το κλείσιμο 
ορισμένων μονάδων Stirling και τη λειτουργία λιγότερων από αυτές.  
- Ανάλογα με τον σκοπό και στόχο και την περιοχή, μία διαφορετική σύνθεση 
μονάδων απαιτείται. Οι προσομοιώσεις στην Αθήνα ειδικά, έδειξαν πώς 
επηρεάζεται η λειτουργία ενός είδους συμπαραγωγής, όταν το κόστος ήταν στόχος 
ή όταν η ελαχιστοποίηση πρωτογενούς ενέργειας ήταν ο  στόχος. Στις περιπτώσεις 
πρωτογενών πόρων, Α.PE.V.2F και A.PE.V.2, ο χαμηλός ηλεκτρικός PEF οδήγησε σε 
μια προσομοίωση περισσότερο προσανατολισμένη στην θερμότητα, οδηγώντας σε 
υψηλή αξιοποίηση των Stirling και λειτουργία των ΜΕΚ στα επίπεδα που είχαν τη 
βέλτιστη θερμική απόδοση. Από την άλλη πλευρά, στις περιπτώσεις A.C.3 και A.C.3F 
το υψηλό κόστος αγοράς ρεύματος από το δίκτυο, οδηγεί τον αλγόριθμο να 
προσπαθεί να καλύψει το μεγαλύτερο μέρος της ηλεκτρικής ζήτησης και έτσι 
χρησιμοποιεί τις ΜΕΚ στη μέγιστη ηλεκτρική απόδοση και τις μονάδες SOFC πολύ. 
Η συνεισφορά των Stirling είναι πολύ χαμηλότερη. Αυτό αποδεικνύει, πως δεν είναι 
όλες οι τεχνολογίες κατάλληλες για όλους τους τύπους συνοικιών και ότι οι 
τεχνολογίες συμπαραγωγής πρέπει να επιλεγούν προσεκτικά, για τον επιθυμητό 
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1.12.6 Στρατηγική λειτουργίας  
Δύο γενικoί στόχοι, εξετάστηκαν στην παρούσα εργασία· η ελαχιστοποίηση πρωτογενούς 
ενέργειας και η ελαχιστοποίηση του κόστους θέρμανσης και ηλεκτρισμού σε μια περιοχή 
με αποκεντρωμένη παραγωγή. Προκειμένου να επιτευχθούν οι στόχοι, τρεις βασικές 
προσεγγίσεις ερευνήθηκαν με το λογισμικό DEPOSIT. 
- Συνεχής λειτουργία όλων των μ-ΣΗΘ σε πλήρη ισχύ και χρησιμοποίηση των 
δεξαμενών θερμότητας για να μετατοπίσουν την υπερ-παραγωγή, από τις 
περιόδους χαμηλής θερμικής ζήτησης στις περιόδους αιχμής. Η προσέγγιση αυτή 
μπορεί να αποδώσει πολύ καλά αποτελέσματα, αν προσαρμοστεί στη ζήτηση της 
συνοικίας, δεδομένου ότι όλες οι μονάδες λειτουργούν σταθερά στο μέγιστο ισχύος 
αλλά και απόδοσης, και δεν έχουν επιπλέον κατανάλωση καυσίμων για τις 
εκκινήσεις και απενεργοποιήσεις των μονάδων. Ωστόσο, αυτή η λειτουργία 
παρουσιάζει τις υψηλότερες θερμικές απώλειες από τις δεξαμενές αποθήκευσης. 
Επίσης σε μια πραγματική κατάσταση, όπου οι θερμικές ανάγκες της συνοικίας 
διαφέρουν από έτος σε έτος , λόγω των διαφορετικών καιρικών συνθηκών, μπορεί 
να οδηγήσει σε υπερ-παραγωγή θερμότητας, πάνω από το δυναμικό αποθήκευσης, 
η οποία θα απορριφθεί και θα έχει αρνητικό αντίκτυπο στην εξοικονόμηση 
πρωτογενών πόρων ή κόστους. Επιπρόσθετα σε ζεστές μέρες κατά την διάρκεια 
της σεζόν θέρμανσης, οι οποίες θα ακολουθηθούν από χειρότερες καιρικές 
συνθήκες με ανάγκη για θέρμανση, οι μονάδες θα πρέπει είτε να κλείσουν, με τις 
αντίστοιχες «ποινές» εκκίνησης, ή να συνεχίσουν να λειτουργούν σε πλήρη 
δυναμικότητα και να απορρίπτουν τη θερμότητα. Στις στρατηγικές συνεχούς 
λειτουργίας, απαιτείται προσεκτικός σχεδιασμός και διαστασιολόγηση των 
συστημάτων συμπαραγωγής και των αποθηκευτικών δεξαμενών. Στο Μόναχο οι 
προσομοιώσεις με στρατηγική σταθερής λειτουργίας είχαν τα καλύτερα 
αποτελέσματα, μόνο και μόνο επειδή χρησιμοποιήθηκε το DEPOSIT επαναληπτικά 
για να επιλεγεί ένας καλός συνδυασμό μονάδων, δεξαμενών αποθήκευσης και 
ιδιαίτερα οι χρόνοι τερματισμού λειτουργίας το καλοκαίρι. 
- Η προσέγγιση ελαχιστοποίησης κατανάλωσης πρωτογενούς ενέργειας είναι μία 
στρατηγική που ακολουθεί το θερμικό φορτίο, η οποία αξιοποιεί όλα τα συμβατικά 
και μ-ΣΗΘ συστήματα και τις δεξαμενές αποθήκευσης, για να ελαχιστοποιήσει την 
κατανάλωση πρωτογενούς ενέργειας για την τρέχουσα ζήτηση. Στο λογισμικό 
έχουν προγραμματιστεί δύο επιλογές : 
o Case 2: Λειτουργεί εξετάζοντας ένα βήμα τη φορά για να καλύψει 
αποτελεσματικά τη θερμική ζήτηση. Καταφέρνει να μειώσει την πρωτογενή 
ενέργεια σε σύγκριση με τους συμβατικούς λέβητες αναφοράς, παρά τις 
αυξημένες απώλειες λόγω δικτύου σωληνώσεων, συγκρίνοντας σε κάθε 
βήμα τους συνδυασμούς λειτουργίας μ-ΣΗΘ, εφεδρικών λεβήτων και 
εξετάζοντας τους πραγματικούς PEF ηλεκτρικής ενέργειας. Σε κάθε βήμα 
επιλέγεται η βέλτιστη λύση. Το μειονέκτημα αυτής της μεθόδου είναι ότι, 
επειδή μόνο μία ώρα προσομοιώνεται, εάν η λειτουργία ενός τύπου μ-ΣΗΘ 
δεν είναι αποτελεσματική κατά τη διάρκεια αυτής της ώρας λειτουργίας, 
δεν εξετάζει τα οφέλη από την ενεργοποίηση αυτής της μονάδας στις 
μελλοντικές ώρες. 
o Case 2F: Ακολουθεί την ίδια προσέγγιση, με τη διαφορά ότι εξετάζει 
περισσότερα βήματα μονομιάς και γνωρίζει εκ των προτέρων, μέσω του 
ημερήσιου προγραμματισμού για την ηλεκτροπαραγωγή, την εξέλιξη του 
PEF ηλεκτρικής ενέργειας. Έτσι, χρησιμοποιεί τις μονάδες συμπαραγωγής 
με τρόπο ώστε να ελαχιστοποιείται η κατανάλωση πρωτογενούς ενέργειας 
για περισσότερα από ένα βήματα. Αυτό επιτυγχάνεται φορτίζοντας της 
δεξαμενές θερμότητας όταν αναμένεται πτώση  του PEF, έτσι ώστε η 
θερμότητα να μην χρειάζεται να παράγεται σε όχι τόσο ευνοϊκές στιγμές. Η 
πρόγνωση ζήτησης θερμότητας για τα μελλοντικά βήματα βοηθάει να 
βελτιωθεί περαιτέρω η λειτουργία, διατάζοντας τις μονάδες όταν 
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χρειάζεται να λειτουργήσουν σε μέγιστη ισχύ για να αποθηκεύσουν 
θερμότητα αλλά ταυτόχρονα να αποφευχθεί η περιττή υπερπαραγωγή. Η 
Case 2F, έδειξε πολύ καλά αποτελέσματα στην χρήση των μονάδων μ-ΣΗΘ 
και οδήγησε σε μικρότερες καταναλώσεις πρωτογενούς ενέργειας από την 
Case 2. Επιπλέον επιτυγχάνει μια πιο σταθερή λειτουργία των κινητήρων 
και υψηλότερες αποδόσεις.  
- Η προσέγγιση ελαχιστοποίησης του κόστους είναι πάλι μία στρατηγική που 
ακολουθεί τη ζήτηση θερμότητας, αλλά  λαμβάνει επίσης τις ηλεκτρικές απαιτήσεις 
υπόψη και προσπαθεί να βρει μια  λύση βέλτιστης λειτουργίας, έτσι ώστε το 
συνολικό λειτουργικό κόστος να είναι ελάχιστο. Η ζήτηση ηλεκτρισμού μπορεί είτε 
να αγοράζεται από την εταιρεία ηλεκτρισμού ή να παράγεται από τα συστήματα μ-
ΣΗΘ ανάλογα με την τιμή αγοράς και πώλησης kWh. H ΟΤΣ χρησιμοποιείται στις 
προσομοιώσεις και του Μονάχου και της Αθήνας σαν τιμή πώλησης ρεύματος. Δύο 
στρατηγικές λειτουργίας είναι προγραμματισμένες στο DEPOSIT: 
o Case 3: Όπως αναφέρθηκε ήδη, ο αλγόριθμος εξετάζει όλους τους πιθανούς 
συνδυασμούς συστημάτων κατά τη διάρκεια 1 ώρας (βήμα), για να επιτύχει 
το ελάχιστο κόστος για θερμική και ηλεκτρική κάλυψη, λαμβάνοντας 
υπόψη το κόστος αγοράς ρεύματος από το δίκτυο, το κόστος των καυσίμων 
και την ΟΤΣ. Η Case 3 επιτυγχάνει καλά επίπεδα μείωσης κόστους σε σχέση 
με το σενάριο αναφοράς (συμβατικοί λέβητες και αγορά ρεύματος), 
ιδιαίτερα στο Μόναχο. 
o Case 3F: έχει το ίδιο στόχο όπως η Case 3, αλλά αξιοποιεί την αγορά 
ηλεκτρισμού επόμενης ημέρας και τις προβλέψεις ζήτησης θερμότητας και 
ηλεκτρισμού,  ώστε η παραγωγή να πραγματοποιηθεί στο σωστό χρόνο 
κατά τη διάρκεια ενός μεγαλύτερου χρονικού διαστήματος, να 
επιτυγχάνεται μέγιστη μείωση κόστους ή μέγιστα έσοδα από την πώληση 
ρεύματος. Η θερμική ενέργεια αποθηκεύεται στις δεξαμενές και είναι 
διαθέσιμη για τα πιο ασύμφορα βήματα. Επίσης οι δεξαμενές αποθήκευσης 
εκφορτίζονται σε συγκεκριμένα βήματα με βάση την ΟΤΣ, και προκειμένου 
να αποφευχθεί η διακοπή λειτουργίας των μονάδων  και η επανεκκίνηση 
τους. Η Case 3F επιτυγχάνει ακόμη μεγαλύτερη μείωση κόστους σε 
σύγκριση με το σενάριο αναφοράς, από την Case 3. Στις παρούσες 
προσομοιώσεις η βελτίωση είναι της τάξης του 2% επιπλέον  σε σχέση με 
την Case 3, η οποία όμως επηρεάζεται από το περιορισμένο ηλεκτρικό 
δυναμικό των μονάδων, τη σύνθεση των μονάδων συμπαραγωγής (με άλλη 
σύνθεση ή ποικιλία τεχνολογιών, μεγαλύτερη εξοικονόμηση θα είχε 
επιτευχθεί) και το προφίλ της ζήτησης των δύο γειτονιών που επιλέχθηκαν 
(σε άλλους συνδυασμούς κτηρίων έχουν επιτευχθεί υψηλότερες 
εξοικονομήσεις). 
1.12.7 Όγκος και αριθμός δοχείων αποθήκευσης  
Οι δεξαμενές θερμότητας είναι αναπόσπαστο μέρος των κοινών εγκαταστάσεων 
συμπαραγωγής, καθώς η μεταβλητότητα των θερμικών και ηλεκτρικών απαιτήσεων δεν 
μπορεί να ακολουθείται από τα μ-ΣΗΘ. Στην προτεινόμενη διασυνδεδεμένη συνοικία, εξ 
αιτίας των διαφορετικών προφίλ φορτίου των διαφόρων κτηρίων, το συνισταμένο 
συνολικό  προφίλ ζήτησης είναι ομαλότερο και οι απαιτήσεις για όγκο αποθήκευσης 
πέφτουν. Ειδικά στις στρατηγικές, που ακολουθούν τη θερμική ζήτηση, με μονάδες που 
μπορούν να μεταβάλουν το φορτίο τους για να καλύψουν τη ζήτηση ακριβώς και η 
υπερπαραγωγή αποφεύγεται (περιπτώσεις 2 και 3), η απαίτηση για αποθήκευση 
θερμότητας είναι κυρίως για να ενεργεί σαν θερμική αδράνεια κατά τη διάρκεια του 
βήματος, μέχρι οι μονάδες να προλάβουν να μεταβάλουν την ισχύ τους. Πολύ μικρός 
όγκος αποθήκευσης απαιτείται , ρόλο που μπορεί να παίξει ακόμα και το νερό του 
δικτύου , ανάλογα με το μέγεθος του.  
Οι Case 2F και 3F βελτιστοποιούν τη  λειτουργία των μ-ΣΗΘ για περισσότερα βήματα και 
υπερπαράγουν σε κάποια βήματα, ενώ υπό-παράγουν σε κάποια άλλα για να 
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επωφεληθούν από τις τιμές αγοράς και πώλησης ρεύματος ή από την μεταβολή του 
συντελεστή PEF και αξιοποιούν την αποθηκευμένη θερμότητα, στις δυσμενείς ώρες για τη 
συμπαραγωγή. Ως εκ τούτου, μεγαλύτερος όγκος αποθήκευσης είναι απαραίτητος. 
Ωστόσο, όσο μεγαλύτερος ο όγκος αποθήκευσης, τόσο μεγαλύτερο είναι το δυναμικό 
εξοικονόμηση πρωτογενούς ενέργειας και κόστους (Case 2F και 3F αντίστοιχα), αλλά 
τόσο υψηλότερο είναι και το κόστος κεφαλαίου. Οι προσομοιώσεις έδειξαν επίσης ότι η 
μεγαλύτερη χωρητικότητα αποθήκευσης θερμότητας επιτρέπει την υποδιαστασιολόγηση 
των μ-ΣΗΘ, αλλά μέχρις ενός σημείου, αλλιώς δεν είναι δυνατή η φόρτιση των δεξαμενών 
λόγω χαμηλής ισχύος.  
Επιπλέον από τις προσομοιώσεις προέκυψε η ανάγκη να ληφθεί το εξής υπόψιν: Ανάλογα 
με την εξέλιξη του προφίλ ζήτησης της συνοικίας,  την θερμική ισχύ των μονάδων και την 
εξέλιξη των PEF και ΟΤΣ, πρέπει να επιλεγεί σωστός αριθμός και όγκος δεξαμενών 
αποθήκευσης. Αν επιλεγούν λίγες αλλά μεγάλου όγκου  δεξαμενές και τα προφίλ τιμής και 
ζήτησης είναι τέτοια, ώστε να περνούν μεγάλες περίοδοι χωρίς κάποια αποθήκευση 
θερμότητας, τότε το μέσο αποθήκευσης θα είναι πάντοτε κάτω από την θερμοκρασία του 
νερού επιστροφής και δεν θα μπορούν ποτέ να προσφέρουν θερμότητα στο δίκτυο. Όταν 
ο αλγόριθμος δίνει εντολή στα μ-ΣΗΘ, να φορτίσουν μια πολύ μεγάλη δεξαμενή, μπορεί η 
θερμοκρασία να αυξηθεί μόνο από τους 10 στους 40 βαθμούς κελσίου για παράδειγμα και 
να εξακολουθεί να μην μπορεί να χρησιμοποιηθεί για τη θέρμανση της περιοχής. Αν 
πολλές ώρες περάσουν μέχρι την επόμενη εντολή φόρτισης, η θερμότητα θα διαχέεται 
στο περιβάλλον και η ίδια διαδικασία θα επαναληφθεί, με αποτέλεσμα μεγάλες απώλειες 
και αντίθετα αποτελέσματα από τα αναμενόμενα. Από την άλλη πλευρά, αν πάρα πολλές 
δεξαμενές μικρού όγκου είναι επιλεγμένες, αυτό μπορεί να οδηγήσει σε υψηλές θερμικές 
απώλειες των δεξαμενών. Αυτό είναι άλλο ένα πλεονέκτημα των εργαλείων συνολικής 
προσομοίωσης όπως το DEPOSIT, γιατί η λειτουργία του όλου κτηρίου και του σμήνους 
των μ-ΣΗΘ, μπορεί να προσομοιωθεί και να γίνει σωστή διαστασιολόγηση του 
εξοπλισμού όπως των δεξαμενών θερμότητας.  
 
1.12.8  Σωστή αξιοποίηση των διαθεσίμων ενέργειας στις δεξαμενές  
Ενώ η κοινή λογική, θα επέλεγε την πλήρη χρήση της αποθηκευμένης θερμότητα, μόλις 
αυτή είναι διαθέσιμη, λόγω του γεγονότος ότι είναι "δωρεάν",  οι προσομοιώσεις έδειξαν 
ότι η προσέγγιση αυτή δεν είναι πάντα η βέλτιστη. Ιδιαίτερα στις προσομοιώσεις 
ελαχιστοποίησης κόστους, η χρήση όλων των αποθεμάτων ενέργειας σε λίγα βήματα, 
μπορεί να έχει αντίθετα αποτελέσματα. Η χρήση  μεγάλης ποσότητας θερμότητας από τις 
δεξαμενές κατά τη διάρκεια ενός βήματος θα οδηγήσει στην απενεργοποίηση  μονάδων 
συμπαραγωγής, καθώς η λειτουργία τους είναι πιο ακριβή από την "δωρεάν" 
αποθηκευμένη θερμότητα. Ωστόσο, κατά τη διάρκεια των προσεχών βημάτων, όπου οι 
όροι της συμπαραγωγής είναι ακόμα πιο ασύμφοροι (χαμηλή ΟΤΣ ή υψηλή τιμή αγοράς 
ηλεκτρικής ενέργειας) , δεν θα υπάρχει διαθέσιμο απόθεμα θερμότητας και εκτός αυτού, 
οι μονάδες θα πρέπει να περάσουν από τη διαδικασία εκκίνησης, και τους χαμηλούς 
αρχικούς βαθμούς απόδοσης. Οι προσομοιώσεις έδειξαν ότι, εάν η αποθηκευμένη 
θερμότητα χρησιμοποιείται με περιορισμούς, θα είναι διαθέσιμη για περισσότερες ώρες 
και η διακοπή λειτουργίας των μονάδων θα αποφεύγεται. Αυτό οδηγεί σε καλύτερα 
αποτελέσματα από άποψη λειτουργικού κόστους.     
1.12.9 Συντελεστές πρωτογενούς ενέργειας  
Οι συντελεστές πρωτογενούς ενέργειας χρησιμοποιούνται για την εκτίμηση των 
πρωτογενών πόρων που χρησιμοποιούνται κατά τη διάρκεια μιας διαδικασίας, όπως 
θέρμανση ενός κτηρίου ή κάλυψη της ηλεκτρικής ζήτησης. Οι τιμές των  PEF για τα 
καύσιμα που χρησιμοποιούνται για την παραγωγή θερμότητας και ηλεκτρικής ενέργειας, 
είναι συνήθως από εθνικές ή ευρωπαϊκές νομοθεσίες. Αλλά οι PEFs ποικίλλουν ανάλογα 
με τη διαδικασία για την εξόρυξη, τη μεταφορά και την επεξεργασία ενός καυσίμου, ή 
ανάλογα με τη σύνθεση της ηλεκτροπαραγωγής που παράγει μία συγκεκριμένη μονάδα 
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ενέργειας. Οι ανανεώσιμες πηγές ενέργειας (φωτοβολταϊκά, ανεμογεννήτριες, 
υδροηλεκτρική ενέργεια) κατεβάζουν το PEF ηλεκτρισμού προς την το 1 ή το 0 (ανάλογα 
με τον ορισμό). Ως εκ τούτου, επειδή η σύνθεση παραγωγής ηλεκτρικής ενέργειας 
μεταβάλλεται από ώρα σε ώρα, έτσι πρέπει να μεταβάλλεται ο PEF. Στην εργασία αυτή 2 
επιλογές προσομοιώθηκαν με το DEPOSIT: μία με σταθερή ετήσια μέση τιμή PEF για 
ηλεκτρισμό και μια με εβδομαδιαία μεταβλητή τιμή PEF για τον ηλεκτρισμό. Η μεταβλητή 
τιμή PEF υπόθεση οδήγησε σε χαμηλότερες καταναλώσεις πρωτογενούς ενέργειας, αφού 
η μέση τιμή PEF ήταν χαμηλότερη (2.33), σε σχέση με τις περιπτώσεις με την σταθερή 
τιμή PEF (2.5) και αφού η ζήτηση ηλεκτρικής ενέργειας ήταν μεγαλύτερη από την 
παραγωγή. Ωστόσο, και το ποσοστό εξοικονόμησης  στις μελέτες της συμπαραγωγής ήταν 
χαμηλότερο, αφού το ρεύμα που δεν χρειάζεται να παραχθεί από την εταιρεία 
ηλεκτροπαραγωγής λόγω της λειτουργίας των μ-ΣΗΘ, έχει χαμηλότερο PEF. Παρά την 
γενικά χαμηλότερη τιμή PEF, στις περιπτώσεις με μεταβλητή τιμή PEF, αναμένεται 
μεγαλύτερη εξοικονόμηση πρωτογενούς ενέργειας ιδιαίτερα στην στρατηγική Case 2F, , 
καθώς ο αλγόριθμος μπορεί να εκμεταλλευθεί την μεταβολή του PEF. Τα αποτελέσματα 
της ανάλυσης έδειξαν ότι αυτό επετεύχθει, με τον αλγόριθμο να υπερ-παράγει στις 
υψηλές τιμές PEF, όταν αναμενόταν πτώση του PEF τις επόμενες ώρες. Ωστόσο, εξαιτίας 
της εβδομαδιαίας εξέλιξης του PEF και όχι ωριαίας(όπως είναι το βήμα του αλγόριθμου), 
μόνο λιγότερο από το 10% των ετησίων βημάτων διατίθενται στην έξυπνη στρατηγική 
της Case 2F, γεγονός που περιορίζει τις δυνατότητες εξοικονόμησης. Από αυτό, ένα άλλο 
πρόβλημα  προέκυψε. Λόγω του χρόνου που παρεμβάλλεται ανάμεσα στα βήματα που 
αξίζει η υπερ-παραγωγή και σε αυτά που όχι (εξαιτίας της εβδομαδιαίας εξέλιξης του 
PEF), οι δεξαμενές φορτιζόταν με πολύ μεγάλα διαλείμματα μεταξύ φορτίσεων. Αυτό είχε 
το εξής αποτέλεσμα: αφού εκφορτιζόταν οι δεξαμενές, πέρναγε πολύς χρόνος, μέχρι οι 
συνθήκες να είναι καλές, για να μπορούν να ξαναφορτίσουν. Κατά συνέπεια, η 
θερμοκρασία νερού αποθήκευσης θερμότητας έπεφτε σημαντικά κάτω από το την 
θερμοκρασία νερού επιστροφής, φτάνοντας, λόγω των θερμικών απωλειών, την 
θερμοκρασία του περιβάλλοντος χώρου (υπογείου), που ήταν εγκατεστημένες οι 
δεξαμενές. Έτσι, στην επόμενη επαναφόρτιση μια μεγάλη ποσότητα ενέργειας χάνεται για 
να αναθερμανθούν οι δεξαμενές μέχρι τα λειτουργικά θερμοκρασιακά επίπεδα. Αυτό 
μείωσε τη δυνατότητα εξοικονόμησης αυτής της στρατηγικής, η οποία έπρεπε να 
επωφεληθεί από τη μεταβλητή τιμή PEF ηλεκτρισμού. 
 
1.12.10 Σφάλματα πρόβλεψης φορτίου  
 
Τα νευρωνικά δίκτυα χρησιμοποιούνται στο λογισμικό DEPOSIT για την πρόβλεψη της 
ζήτησης θερμότητας και ηλεκτρικής ενέργειας για το σύνολο της συνοικίας για τις 
επόμενες ώρες, ώστε να μπορεί να βελτιστοποιηθεί η λειτουργία των μ-ΣΗΘ  σύμφωνα με 
την εξέλιξη του PEF-ρεύματος, στην Case 2F, και σύμφωνα με την εξέλιξη της τιμής 
πώλησης kWh (ΟΤΣ),  στην Case 3F. Το νευρωνικό δίκτυο λειτουργεί ως ένα "μαύρο 
κουτί" και προσπαθεί να βρει συσχετίσεις μεταξύ καιρικών παραμέτρων και 
χρονολογικών χαρακτηριστικών (ώρα της ημέρας, ένα είναι σαββατοκύριακο, κ.λπ.) και 
της ζήτησης θερμότητας και ηλεκτρικής ενέργειας στα κτήρια της συνοικίας. Στη 
συνέχεια, το δίκτυο των εξισώσεων που σχηματίζονται, χρησιμοποιεί προγνώσεις καιρού 
και ημερολογιακά δεδομένα για την πρόβλεψη των μελλοντικών απαιτήσεων. Η επιτυχία 
της διαδικασίας αυτής εξαρτάται σε μεγάλο βαθμό από την ποιότητα των δεδομένων και 
τον συσχετισμό/ταυτοχρονισμό του προφίλ ζήτησης θερμότητας, με τα καιρικά και 
ημερολογιακά δεδομένα. Εάν τα δεδομένα δεν ταιριάζουν, αν έχουν χρησιμοποιηθεί 
διαφορετικά σύνολα καιρικών δεδομένων, ή εάν διάφορα άγνωστα χρονικά σφάλματα 
αποκρύπτονται στα δεδομένα (για παράδειγμα, όλοι οι μήνες να έχουν 30 ημέρες), μπορεί 
να βρεθούν  ψευδείς συσχετίσεις, ή το δίκτυο μπορεί να εντοπίσει ψευδείς αντιστοιχίες σε 
λάθος εισόδους. Αυτό οδηγεί σε σφάλματα πρόβλεψης και λανθασμένη εκτίμηση της 
μελλοντικής θερμικής και ηλεκτρικής ζήτησης. 
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Μια υποτίμηση της μελλοντικής θερμικής/ηλεκτρικής ζήτησης οδηγεί σε χαμηλότερη 
υπερπαραγωγή  θερμικής και ηλεκτρικής ενέργειας , κατά τη διάρκεια υψηλών τιμών PEF 
ή ΟΤΣ ηλεκτρικής ενέργειας και, επομένως, θα σήμαινε τη λειτουργία ή την έναρξη 
λειτουργίας των μ-ΣΗΘ κατά τη διάρκεια δυσμενών συνθηκών, ή την λειτουργία των 
εφεδρικών λεβήτων. Αυτό μειώνει τις δυνατότητες εξοικονόμησης.  
Η υπερεκτίμηση της μελλοντικής ζήτησης δεν είναι σημαντικό πρόβλημα, καθώς απλώς 
θα οδηγήσει στην αποθήκευση περισσότερης θερμότητας στις δεξαμενές, που θα 
χρησιμοποιηθεί τελικά και η χειροτέρευση των αποτελεσμάτων θα είναι μικρή.  
Συνοψίζοντας, η απόδοση της πρόβλεψης ζήτησης ήταν επαρκή για την εξυπηρέτηση των 
Case 2F και 3F και  να εξασφαλίσει καλύτερη εξοικονόμηση κόστους και πρωτογενούς 
πόρων, αλλά θα μπορούσε να είναι καλύτερη για περαιτέρω βελτίωση των 
αποτελεσμάτων. 
Τα σφάλματα πρόβλεψης ήταν επίσης ένας από τους λόγους για τις υψηλές θερμοκρασίες 
των δεξαμενών θερμότητας που παρατηρήθηκαν σε ορισμένα βήματα συνεχόμενα. Όπως 
αναφέρθηκε ήδη, ο αλγόριθμος στις Case 2F και 3F μπορεί να επιλέξει να υπερ-παράγει 
θερμότητα κατά τη διάρκεια ορισμένων βημάτων που θα χρειαστούν για μελλοντικές 
ώρες  με χειρότερες οικονομικές ή οικολογικές συνθήκες για τη συμπαραγωγή. Ωστόσο, η 
μελλοντική λειτουργία των μονάδων συμπαραγωγής, μπορεί να διαφέρει από την προ-
υπολογισμένη, λόγω σφαλμάτων πρόβλεψης της θερμικής ή ηλεκτρικής ζήτησης. Για 
παράδειγμα, μια πρόβλεψη για χαμηλή ηλεκτρική ζήτηση θα μπορούσε να σημαίνει ότι τα 
μ-ΣΗΘ δεν θα λειτουργήσουν στο μέλλον και γι αυτό επιλέγεται η υπερ-παραγωγή στο 
παρόν βήμα, ώστε να δημιουργηθεί απόθεμα θερμότητας. Όμως έστω η πρόβλεψη υπο-
εκτίμησε την επερχόμενη ηλεκτρική ζήτηση και έτσι οι μονάδες μ-ΣΗΘ τελικά συνεχίζουν 
να λειτουργούν (αφού συμφέρει να καλύψουμε και το ηλεκτρικό φορτίο). Έτσι το 
απόθεμα δεν χρησιμοποιήθηκε όπως αναμενόταν, αλλά αν αυτού περισσότερη θερμότητα 
αποθηκεύεται για τις επόμενες ώρες. Ένας άλλος λόγος θα μπορούσε να είναι ότι, 
περισσότερες πληροφορίες έγιναν διαθέσιμες για τις επόμενες ώρες και επιλέχθηκε ξανά 
αυξημένη λειτουργία και σε αυτό το βήμα, επειδή στο μέλλον οι συνθήκες είναι ακόμη πιο 
δυσμενείς. 
 
Στην τρέχουσα προσομοιώσεις, τα προφίλ ζήτησης για τις μονοκατοικίες 
προσομοιώθηκαν από τον συγγραφέα, και τα προφίλ ζήτησης για τα κτήρια τριτογενούς 
τομέα αποκτήθηκαν στα πλαίσια του ευρωπαϊκού προγράμματος FC-District. Η 
εκπαίδευση των νευρωνικών δικτύων NARX έδειξε σχετικά καλή πρόγνωση 
αποτελεσμάτων με R2~80%. Ωστόσο, βρέθηκαν αρκετές φορές σφάλματα πρόβλεψης 
από τον αλγόριθμο που αν ήταν εμφανώς λάθος αγνοούνταν στην προσομοίωση. Αυτό 
όμως σίγουρα οδήγησε σε σχετικά μειωμένη απόδοση των Case 2F και 3F και σε 
χαμηλότερη εξοικονόμηση από ό,τι αναμενόταν. Αυτό μπορεί να  σημαίνει ότι οι καμπύλες 
ζήτησης για τα κτήρια τριτογενή τομέα, έχουν προσομοιωθεί με διαφορετικά καιρικά 
δεδομένα, σε σχέση με το αρχείο των καιρικών συνθηκών που χρησιμοποιήθηκε από το 
συγγραφέα για τα κτήρια κατοικιών και ως είσοδος για την εκπαίδευση των νευρωνικών 
δικτύων. 
Μια άλλη εξήγηση κάποιων σφαλμάτων στην πρόβλεψη είναι τα περιορισμένα δεδομένα 
εκπαίδευσης. Μόνο ετήσιες προσομοιώσεις ενός έτους ήταν διαθέσιμες, με ένα σετ από 
καιρικά δεδομένα, καθιστώντας έτσι πιο δύσκολο για το νευρωνικό να βρει συνδέσεις 
ανάμεσα στα καιρικά/χρονικά δεδομένα και στην θερμική και ηλεκτρική απαίτηση. Αν 
είναι διαθέσιμα περισσότερα δεδομένα εκπαίδευσης, για πολλά χρόνια, με διάφορες 
καιρικές συνθήκες, η απόδοση της εκπαίδευσης θα αυξηθεί, καθώς το νευρωνικό δίκτυο 
θα μπορεί να κάνει καλύτερη σύνδεση μεταξύ των δεδομένων και των στόχων. Επιπλέον, 
εάν τα στοιχεία κατάρτισης για κάθε περίοδο περιλαμβάνουν μετρήσεις ή αποτελέσματα 
προσομοίωσης για πολλά χρόνια με διάφορες καιρικές συνθήκες, μπορούν να παραχθούν 
καλύτερα αποτελέσματα προβλέψεων για την περίοδο άνοιξη-καλοκαίρι-νωρίς το 
φθινόπωρο. Αυτό θα δώσει την ευκαιρία για περισσότερες ώρες λειτουργίας των 
εργαλείων πρόβλεψης, τα οποία ειδάλλως λειτουργούν αποτελεσματικά για λιγότερο από 
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το μισό της σεζόν θέρμανσης και, επομένως, περιορίζουν τις Case 2F και Case 3F να 




1.12.11 Ιδιόχρηση ή πώληση ηλεκτρικής ενέργειας  
Το πρόγραμμα DEPOSIT εστιάζει στην θερμικά καθοδηγούμενη λειτουργία της 
διασυνδεδεμένης συνοικίας. Η ζήτηση ηλεκτρισμού στις στρατηγικές Case2 και 2F δεν 
επηρεάζει τη λειτουργία ,το ενεργειακό ισοζύγιο τα αποτελέσματα κατανάλωσης 
πρωτογενούς ενέργειας, αφού η ηλεκτρική ενέργεια από την συμπαραγωγή, υποτίθεται 
ότι έχει τον ίδιο PEF με την ηλεκτρική ενέργεια που παράγεται από το δημόσιο δίκτυο. 
Συνεπώς, εάν η ηλεκτρική ζήτηση λαμβάνεται υπόψιν από τον αλγόριθμο ή όχι και κατά 
πόσον παράγεται από τα μ-ΣΗΘ δεν επηρεάζει ούτε τη λειτουργία των μονάδων ούτε τα 
αποτελέσματα. Από την άλλη πλευρά, στις στρατηγικές  Case 3 και 3F, η ηλεκτρική 
ενέργεια αγοράζεται από την εταιρεία ηλεκτρισμού στην τιμή καταναλωτή και αυτή που 
παράγεται, μπορεί να πωλείται στην αγορά ενέργειας στην ΟΤΣ ή σε κάποια τιμή 
επιδότησης. Οι 2 τιμές διαφέρουν και αυτό επιτρέπει στον αλγόριθμο τη βελτιστοποίηση 
της λειτουργίας και χρήσης των μ-ΣΗΘ, αλλά επίσης καθορίζει το πώς θα καλυφθεί η 
ζήτηση (με εισαγωγές ή με ιδιοκατανάλωση της παραγομένης ηλεκτρικής ενέργειας), 
σύμφωνα με την τρέχουσα και μελλοντική εξέλιξη των τιμών. Στις προσομοιώσεις που 
εκτελέστηκαν,  η τιμή αγοράς από το δίκτυο ήταν πάντα υψηλότερη από την τιμή 
πώλησης στην αγορά ενέργειας. Επομένως ο αλγόριθμος προσπάθησε πάντα να 
κατευθύνει όλη την παραγωγή ηλεκτρικού ρεύματος στα κτήρια της συνοικίας, αντί να 
την εξάγει σε χαμηλότερη τιμή. Έτσι, αποφεύγεται η αγορά ακριβής ενέργειας από το 
δίκτυο. Αυτό έπαιξε σημαντικό ρόλο στην οικονομική βιωσιμότητα του κόνσεπτ. Η 
προσομοίωση της Αθήνας εκτελέστηκε και δοκιμαστικά χωρίς ηλεκτρική ζήτηση. Όλες οι 
ποσότητες ηλεκτρισμού που παράχθηκαν, εξάχθηκαν και πωλήθηκαν στην ΟΤΣ. Τα 
οικονομικά αποτελέσματα ήταν άσχημα και το λειτουργικό κόστος ήταν υψηλότερο από 
το σενάριο αναφοράς, εξαιτίας των απωλειών θερμότητας του δικτύου και τα χαμηλά 
έσοδα από την εξαγωγή ρεύματος. Η ίδια προσομοίωση, αυτή τη φορά με ζήτηση 
ηλεκτρικής ενέργειας, η οποία καλύπτεται κυρίως από τις μονάδες μ-ΣΗΘ , οδήγησε σε 
6% μείωση λειτουργικού κόστουςFigure 92), εξαιτίας της υψηλής τιμής αγοράς της 
ηλεκτρικής ενέργειας. 
 
Η προσομοίωση έδειξε επίσης, πώς ο αλγόριθμος χειρίζεται με διαφορετικό τρόπο τη 
λειτουργία των μονάδων, για την ελαχιστοποίηση του κόστους, όταν δεν καλύπτεται από 
τις μονάδες η ηλεκτρική ζήτηση. Σε αυτήν την προσομοίωση, χωρίς ηλεκτρική ζήτηση και 
με χαμηλή τιμή πώλησης kWh (ΟΤΣ), το DEPOSIT επικεντρώθηκε κυρίως στο θερμικό 
φορτίο και, κατά συνέπεια, χρησιμοποιήθηκαν περισσότερο οι μονάδες μ-CHP που έχουν 
υψηλότερη θερμική απόδοση, όπως τα Stirling ή οι κινητήρες εσωτερικής καύσης σε 
χαμηλή ισχύ. Η ηλεκτρική παραγωγή ήρθε δεύτερη σε προτεραιότητα. Η ζήτηση 
θερμότητας καλύφθηκε  ακόμα και τις ώρες αιχμής, με τη χρήση των δεξαμενών 
αποθήκευσης να φτάνει υψηλά ποσοστά. Από την άλλη, η προσομοίωση με ηλεκτρική 
ζήτηση (η οποία καιi χρησιμοποιείται στο 5.2.2), δείχνει ότι προκειμένου να αποφύγει την 
αγοράς ακριβής ηλεκτρικής ενέργειας, ο αλγόριθμος εστιάζει στον ηλεκτρισμό και 
χρησιμοποιεί μονάδες υψηλού ηλεκτρικού βαθμού απόδοσης όπως τα SOFC και οι 
κινητήρες εσωτερικής καύσης. Η παραγόμενη ισχύς αυτο-καταναλώνεται και οι 
εισαγωγές ηλεκτρικής ενέργειας είναι μειωμένες. Η χρήση του δοχείου αποθήκευσης 
πέφτει στο 7%, που δείχνει την έμφαση στην ηλεκτρική ζήτηση και όχι θερμική ζήτηση. 
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1.12.12 Εμπόδια για τη δημιουργία διασυνδεδεμέων συνοικιών  
Δυστυχώς ακόμα υπάρχουν πολλά εμπόδια στην υλοποίηση μίας αποκεντρωμένης 
συμπαραγωγής. Μολονότι η νεότερη νομοθεσία τόσο σε ΗΠΑ και Ευρώπη σιγά σιγά 
υποστηρίζει την αποκεντρωμένη παραγωγή και την μείωση εκπομπών, υπάρχει ακόμη 
πολύς δρόμος που πρέπει να καλυφθεί, ώστε συνοικίες όπως η προτεινόμενη να γίνουν 
πραγματικότητα. Τα πιο διαδεδομένα εμπόδια είναι: 
1. Υψηλό επενδυτικό κόστος : 
a. Οι μονάδες συμπαραγωγής είναι ακόμη πολύ ακριβές σε σχέση με τους 
συμβατικούς λέβητες και έχουν μικρότερα διαστήματα σέρβις. 
b. Το δίκτυο τηλεθέρμανσης και οι αντλίες που χρειάζεται να εγκατασταθούν 
είναι επίσης ένα επιπλέον κόστος σε σύγκριση με τα συμβατικά συστήματα 
θέρμανσης. 
c. Ο κεντρικός έλεγχος των μονάδων για τη βελτιστοποίηση της κατανάλωσης 
πρωτογενούς ενέργειας ή το κόστος , απαιτεί πίνακες ελέγχου που 
συνδέονται με κάθε μονάδα συμπαραγωγής , οι οποίοι μπορούν , μέσω 
απομακρυσμένης επικοινωνίας, να αλλάζουν το επίπεδο λειτουργίας της 
μονάδας και να την ενεργοποιούν και απενεργοποιούν σύμφωνα με τις 
εντολές του κεντρικού υπολογιστή που λειτουργεί με τον αλγόριθμο. Η 
επικοινωνία αυτή, η ανατροφοδότηση και ο απομακρυσμένος ελέγχος 
παρουσιάζουν αυξημένο κόστος κεφαλαίου.  
d. Για να γίνει κεντρικός έλεγχος των μονάδων μ-ΣΗΘ, απαιτείται μια 
επισκόπηση όλων των συστημάτων και των καταναλωτών. Ο αλγόριθμος 
πρέπει να γνωρίζει σε κάθε βήμα : 
 Τη θερμική απαίτηση κάθε κτηρίου μέσω των θερμοκρασιών 
προσαγωγής και επιστροφής σε αυτό. 
 Τη θερμοκρασία των σωλήνων του δικτύου θέρμανσης σε 
διαφορετικές τοποθεσίες για να αντισταθμίσει τις απώλειες των 
σωληνώσεων. 
 Τη διαθεσιμότητα των δεξαμενών θερμότητας, έτσι ώστε η 
διαθέσιμη χωρητικότητα για αποθήκευση ενέργειας να είναι 
γνωστή, καθώς και το διαθέσιμο απόθεμα ενέργειας, ώστε να 
μπορούν να χρησιμοποιηθούν από τον αλγόριθμο για τον 
προγραμματισμό λειτουργίας των μ-ΣΗΘ. Αυτό μπορεί να 
επιτευχθεί με αισθητήρες θερμοκρασίας στο εσωτερικό των 
δεξαμενών που θα είναι συνδεδεμένοι με τον κεντρικό υπολογιστή. 
 Πρέπει να εγκατασταθεί ένας μετεωρολογικός σταθμός, που θα 
μετρά τις παραμέτρους του καιρού της περιοχής σε κάθε βήμα, έτσι 
ώστε το νευρωνικό δίκτυο να μπορεί να εκπαιδευτεί και να 
συσχετίζει τη θερμική και ηλεκτρική ζήτηση με τις συνθήκες του 
περιβάλλοντος και τη συμπεριφοράς του χρήστη (σε συνδυασμό με 
ημερολογιακά και χρονικά δεδομένα). Τα δεδομένα πρέπει να είναι 
διαθέσιμα σε κάθε βήμα στον αλγόριθμο. Πρέπει να καταγράφονται 
η θερμοκρασία περιβάλλοντος, η υγρασία αέρα, η συνολική 
οριζόντια ακτινοβολία και το σημείο δρόσου. 
 Την κατάσταση των μονάδων. Πόσες μονάδες είναι διαθέσιμες και 
σε τι λειτουργικό επίπεδο βρίσκονται κάθε στιγμή. Αυτό απαιτεί 
τους πίνακες ελέγχου που αναφέρονται παραπάνω.  
 Η παρακολούθηση και ο έλεγχος του συστήματος των διαφόρων 
βαλβίδων του δικτύου, των εναλλακτών θερμότητας και των 
βαλβίδων παράκαμψης, είναι απαραίτητη για να παραδοθεί 
αποτελεσματικά η θερμότητα από τα μ-ΣΗΘ και τις δεξαμενές στους 
καταναλωτές. 
Όλες αυτές οι εγκαταστάσεις και τα ασύρματα (ή ενσύρματα;) συστήματα που θα τα 
διασυνδέσουν, αποτελούν ένα πρόσθετο κεφάλαιο και κόστος συντήρησης, που 
Κεφάλαιο 1: Ελληνικο κειμενο 
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προστίθεται στο ήδη υψηλό επενδυτικό κόστος των συστημάτων συμπαραγωγής, του 
δικτύου και των δεξαμενών. Έτσι, μια καλή στρατηγική λειτουργίας σαν αυτές που 
προτείνονται στην παρούσα διατριβή, μια ευνοϊκή νομοθεσία σχετικά με τη 
συμπαραγωγή και την εξοικονόμηση πρωτογενούς ενέργειας, ή/και μια επιδότηση, ή 
ένα καλό περιβάλλον αγοράς ηλεκτρικής ενέργειας είναι απαραίτητα.  
 
2. Το παράδοξο της συνδυασμένης παραγωγής θερμότητας και ηλεκτρικής ενέργειας 
στο χώρο τους, χωρίς ωστόσο να παρέχει θερμότητα ή ηλεκτρισμό απευθείας στο 
κτήριο τους και χωρίς να έχουν κανένα έλεγχο στη λειτουργία των μονάδων, μπορεί 
να ακούγεται παράξενο στους πελάτες, οι οποίοι μπορεί να νιώθουν έλλειψη 
αυτονομίας και ότι εξαρτώνται από το διαχειριστή (κεντρική μονάδα ελέγχου) για 
να θερμάνουν το κτήριο τους επαρκώς. Μερικοί χρήστες προτιμούν την (πολύ πιο 
αναποτελεσματική) επιλογή, του να έχουν μία μονάδα συμπαραγωγής για τον 
εαυτό τους και να νιώθουν πιο αυτόνομοι. 
3. Από χώρα σε χώρα και από κράτος σε κράτος, υπάρχουν διαφορετικά εμπόδια 
επιχειρηματικής πρακτικής (Thornton & Monroy 2011), όπως:  
 Κόστος εφαρμογής και συνδεσιμότητας στο δημόσιο δίκτυο, το οποίο 
επηρεάζει αρνητικά την απόσβεση του έργου. 
 Ανάγκη για υψηλές εγγυήσεις από τον χειριστή του δικτύου συμπαραγωγής 
για την περίπτωση των επιπλοκών.  
 Η επιχείρηση ηλεκτρισμού απαιτεί έλεγχο επί της λειτουργίας των ΣΗΘ, και 
πότε να γίνεται αγορά ή και εξαγωγή ηλεκτρικής ενέργειας στο δίκτυο, 
προβάλλοντας σαν δικαιολογία την αξιοπιστία του συστήματος. Αυτό 
απορρίπτει την όλη λειτουργία βελτιστοποίησης που παρουσιάζεται στην 
παρούσα διατριβή, στην οποία ο κεντρικός υπολογιστής πρέπει να ελέγχει 
τις μονάδες με μία από τις προτεινόμενες στρατηγικές για την 
ελαχιστοποίηση του κόστους ή της πρωτογενούς ενέργειας. Οι στόχοι της 
εταιρείας ηλεκτρισμού στις περισσότερες περιπτώσεις δεν συμπίπτουν με 
τους στόχους του διαχειριστή του δικτύου συμπαραγωγής και των 
ιδιοκτητών του. 
 Μακρύς χρόνος διεκπεραίωσης και καθυστερήσεις των αιτήσεων για τη 
διασύνδεση των δικτύων συμπαραγωγής με το δημόσιο δίκτυο, οι οποίες 
είναι σκόπιμες ή λόγω της γραφειοκρατίας. Η καθυστέρηση του έργου  δεν 
ευνοεί τις επενδύσεις.  
4. Εμπόδια νομοθεσίας (Thornton & Monroy 2011) 
 Σε ορισμένες χώρες/μέλη τα μικρο-δίκτυα είναι απαγορευμένα, αφού τα 
λόμπι της ηλεκτροπαραγωγής, που έχουν μεγάλη επιρροή στο κράτος, δεν 
επιθυμούν την εγκατάσταση της αποκεντρωμένης παραγωγής ηλεκτρικής 
ενέργειας και της αυτονομίας που αυτή προσφέρει. 
 Σε κάποιες περιπτώσεις οι εταιρίες δικτύου χρεώνουν πολύ υψηλά ποσά για 
την χρήση του δικτύου μεταφοράς ηλεκτρικής ενέργειας. Μερικές φορές 
χρεώνουν απώλειες μετάδοσης της τάξης του 7-10%, το οποίο είναι πολύ 
υψηλό, ιδίως αφού οι μικρές ποσότητες εξαγόμενης ηλεκτρικής ενέργειας 
συνήθως καταναλώνονται τοπικά και δεν χρειάζεται να ταξιδέψουν 
μεγάλες αποστάσεις μέσω του δικτύου μεταφοράς.  
 Σε πολλές χώρες απαιτούνται περιβαλλοντικά πιστοποιητικά για την 
εγκατάσταση μονάδων αποκεντρωμένης παραγωγής ενέργειας. Το κόστος 
αυτών των αδειών και η επιπλέον επιβάρυνση αφορά τον επενδυτή. 
 Αντιπαροχές: Οι εταιρείες ηλεκτροπαραγωγής δεν επιθυμούν τη 
δημιουργία μικρών δικτύων αποκεντρωμένης παραγωγής και τη σχετική 
απώλεια εσόδων από αυτήν την περιοχή και έτσι συχνά προτείνουν 
εκπτώσεις τιμών ηλεκτρισμού για να αποθαρρυνθεί η δημιουργία ενός 
δικτύου. Οι μειωμένες τιμές επιβαρύνουν την απόσβεση του έργου και 
ενδέχεται να επηρεάσουν το σύνολο του σχεδιασμού, παρόλο που στις 
περισσότερες περιπτώσεις, οι εκπτωτικές τιμές μπορεί να ισχύουν μόνο για 
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λίγα χρόνια. Έτσι μπορούν να μεταμορφώσουν το έργο ως μη επικερδές στα 
μάτια των ιδιοκτητών κτηρίων, που θέλουν να συμμετάσχουν σε αυτό το 
νέο κόνσεπτ θέρμανσης και ηλεκτρισμού. 
5. Τεχνικά εμπόδια (Thornton & Monroy 2011) 
 Πολλά κράτη/πολιτείες απαιτούν έρευνα και πιστοποίηση σχετικά, με τις 
επιπτώσεις της εξαγωγής ηλεκτρισμού του τοπικού δικτύου, στο δημόσιο 
δίκτυο ηλεκτροδότησης της περιοχής. 
 Για εξαγωγή ρεύματος πολλές εταιρίες ενέργειας απαιτούν ακριβό 
εξοπλισμό για προστασία από υπό- και υπερ-ταση, για τη προστασία 
συχνότητας και άλλα συστήματα ασφαλείας με υψηλό κόστος. 
1.12.13 Προτάσεις για μελλοντική εργασία  
Το λογισμικό προσομοίωσης διασυνδεδεμένων συνοικιών αποκεντρωμένης 
συμπαραγωγής DEPOSIT που αναπτύχθηκε στην παρούσα διατριβή, είναι ένα χρήσιμο 
εργαλείο για την αξιολόγηση των δυνατοτήτων ενός θερμικού και ηλεκτρικού μικρο-
δικτύου, για την απόκτηση ενός ενεργειακού ισοζυγίου, της πιθανής λειτουργίας, του 
κόστους λειτουργίας και των περιβαλλοντικών κερδών μιας τέτοιας εγκατάστασης. 
Πολλές διαφορετικές ρυθμίσεις μπορούν να εξεταστούν, αφού ένα απλοποιημένο δίκτυο 
θέρμανσης δημιουργείται αυτόματα και διαφορετικές στρατηγικές λειτουργίας μπορούν 
να προσομοιωθούν ταυτόχρονα.  
Ωστόσο οι δυνατότητες της βασικής δομής του DEPOSIT μπορούν να ενισχυθούν 
περαιτέρω με τις ακόλουθες προσθήκες/τροποποιήσεις: 
o Ζήτηση ψύξης και τρι-παραγωγή : Τα αποτελέσματα στην Αθήνα 
απεικονίζουν το χαμηλό δυναμικό των θερμικών δικτύων μ-ΣΗΘ σε ζεστές 
περιοχές, αφού οι λίγες ώρες λειτουργίας, περιορίζουν τα οικονομικά οφέλη 
και την απόσβεση του έργου. Από την άλλη η ζήτηση ηλεκτρικής ενέργειας 
της περιοχής της Αθήνας το καλοκαίρι ήταν πολύ υψηλή, λόγω των πολύ 
υψηλών απαιτήσεων ψύξης που καλύπτονταν από ηλεκτρικές αντλίες 
θερμότητας (μονάδες κλιματισμού). Ανάλογα με τον τύπο του κτηρίου, η 
ζήτηση ψύξης στις θερμές περιοχές μπορεί να είναι υψηλότερη, από τις 
θερμικές απαιτήσεις. Αυτό αφήνει χώρο για την εξέταση της τρι-
παραγωγής, όπου η θερμική ισχύς των μονάδων συμπαραγωγής θα 
μπορούσε να χρησιμοποιηθεί για να τροφοδοτήσει αντλίες απορρόφησης 
και προσρόφησης και να καλύψει την ζήτηση των κτηρίων για ψύξη. Αυτό 
θα αυξήσει σημαντικά τις ώρες λειτουργίας της συμπαραγωγής στις ζεστές 
περιοχές, οι οποίες θα χρησιμοποιούν επίσης την επιπλέον παραγωγή 
ηλεκτρισμού για να καλύψουν τις απαιτήσεις ηλεκτρικής ενέργειας των 
κτηρίων και την εξαγωγή και πώληση της περίσσειας. Η μείωση της 
μεγάλης κατανάλωσης ρεύματος για ψύξη και η πρόσθετη παραγωγή 
ηλεκτρικής ενέργειας θα μπορούσε να κάνει ένα τέτοιο μικρο-δίκτυο 
περισσότερο ελκυστικό οικονομικά στις ζεστές περιοχές. Ωστόσο, πρέπει να 
εξεταστεί αν το κόστος κεφαλαίου των αντλιών 
προσρόφησης/απορρόφησης, θα αποσβεσθεί, λαμβάνοντας υπόψη το 
χαμηλό COP/EER αυτών των τεχνολογιών σε σχέση με τις συμβατικές 
ηλεκτρικές αντλίες θερμότητας. Αλλά καθώς οι τεχνολογίες βελτιώνονται 
το DEPOSIT θα μπορούσε να χρησιμοποιείται για να εξετάσει κατά πόσον η 
τρι-παραγωγή θα αποφέρει ικανοποιητικά αποτελέσματα σε μια περιοχή. 
o Βελτίωση της προσομοίωσης λειτουργίας των μονάδων μ-ΣΗΘ: Το 
DEPOSIT, όπως περιγράφηκε, χρησιμοποιεί καμπύλες θερμικής και 
ηλεκτρικής απόδοση για όλα τα επίπεδα λειτουργίας μίας μονάδας μ-ΣΗΘ. 
Οι διαδικασίες εκκίνησης και τερματισμού λαμβάνονται υπόψιν μέσω 
επιπλέον κατανάλωσης καυσίμων και ηλεκτρικής ενέργειας, για το χρονικό 
διάστημα που η έναρξη ή διακοπή λειτουργίας λαμβάνει χώρα. Η 
περιορισμένη θερμική ισχύς των πρώτων ωρών λειτουργίας μετά από 
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εκκίνηση με ψυχρό κινητήρα υπολογίζεται επίσης με συντελεστές μείωσης 
της απόδοσης. Όλες οι παράμετροι καθορίζονται από το μελετητή, 
σύμφωνα με την κρίση του, για κρύα ή ζεστή εκκίνηση, ανάλογα με την 
εκτίμηση του για την πιο πιθανή λειτουργία της μονάδας, με βάση της 
αρχικές προσομοιώσεις που δείχνουν για παράδειγμα για πόσο διάστημα 
μένουν κλειστές κάποιες μονάδες ή αν χρησιμοποιούνται συνεχώς. 
Βελτιώσεις στον τομέα αυτό θα μπορούσαν να περιλαμβάνουν 
διαφορετικές παραμέτρους εκκίνησης, ανάλογα με την τρέχουσα 
λειτουργία των μονάδων στην περιοχή. Για παράδειγμα, στις παρούσες 
προσομοιώσεις οι ΜΕΚ χρησιμοποιούνται σχεδόν συνεχώς και δεν 
διαθέτουν μεγάλα λειτουργικά διαλείμματα. Επομένως, τα χαρακτηριστικά 
θερμής εκκίνησης έχουν καταχωρηθεί στο λογισμικό. Ωστόσο, στην 
περίπτωση του Μονάχου, την περίοδο άνοιξης-καλοκαιριού υπάρχουν 
κάποιες περιπτώσεις, όπου οι μονάδες ΜΕΚ δεν χρησιμοποιούνται για 
πολλές ώρες. Στην περίπτωση αυτή οι συντελεστές κρύας εκκίνησης θα 
πρέπει να χρησιμοποιούνται. Επιπλέον, εάν επιθυμείται  ακόμα μεγαλύτερη 
ακρίβεια, θα μπορούσαν στο μέλλον να καταχωρηθούν διαφορετικές 
καμπύλες απόδοσης στο λογισμικό ανάλογα με το πόσες ώρες ήταν κλειστό 
ένα σύστημα.  
o Διάφορες τεχνικές βελτιστοποίησης: οι στρατηγικές στο λογισμικό 
DEPOSIT έχουν ως στόχο την ελαχιστοποίηση της κατανάλωσης 
πρωτογενούς ενέργειας ή του λειτουργικού κόστους, για τη θέρμανση και 
κάλυψη της ηλεκτρικής ζήτησης στην περιοχή. Μια μελλοντική δυνατότητα 
θα μπορούσε να είναι η δημιουργία μιας στρατηγικής που προσπαθεί να 
βρει το βέλτιστο συνδυασμό των δύο αυτών στόχων δίνοντας περισσότερο 
βάρος στην πρωτογενή ενέργεια ή το κόστος ανάλογα με την επιλογή, αλλά 
όχι μια απόλυτη ελαχιστοποίηση του κόστους ανεξάρτητα από την 
κατανάλωση πρωτογενούς ενέργειας, ή το αντίθετο.  
o Χρήση του DEPOSIT για την πραγματοποίηση οικονομικών μελετών 
σκοπιμότητας: το DEPOSIT μπορεί να προσομοιώσει το λειτουργικό κόστος 
του δικτύου για την κάλυψη θερμικής και ηλεκτρικής ζήτησης, 
συμπεριλαμβανομένου του κόστους λειτουργίας του εφεδρικού 
συστήματος θέρμανσης και της αγοράς ρεύματος. Επιπλέον, τα κόστη του 
δικτύου: συντήρησης, λειτουργίας, κεφαλαιακό κόστος μπορούν να 
καταχωρηθούν στο λογισμικό. Όσον αφορά τις δεξαμενές αποθήκευσης, το 
αρχικό κόστος κεφαλαίου και το ετήσιο κόστος συντήρησης μπορεί επίσης 
να συμπεριληφθεί στην προσομοίωση. Για τις μονάδες συμπαραγωγής, το 
αρχικό κόστος κεφαλαίου, το κόστος συντήρησης ανά μονάδα, ο 
προσδοκώμενος χρόνος ζωής καθώς και μία μέση ετήσια πτώση της τιμής 
του κάθε τύπου , μπορούν να εισαχθούν στο λογισμικό , έτσι ώστε όλα τα 
έξοδα, ακόμα και το κόστος επαναγοράς  των μ-ΣΗΘ, μετά τον κύκλο ζωή 
τους, μπορεί να υπολογιστεί. Τα εφεδρικά συστήματα θέρμανσης και τα 
συστήματα αναφοράς υπολογίζονται επίσης, όπως και η αντικατάσταση 
τους μετά από κάποια χρόνια. Δεδομένα τιμών καυσίμων μπορούν να 
δοθούν για μακρά χρονικά διαστήματα, λαμβάνοντας υπόψη τον 
πληθωρισμό και την εξέλιξη των τιμών.  
Εάν δοθούν δεδομένα για όλες τις παραπάνω πληροφορίες, τότε η 
πραγματική οικονομική απόδοση της περιοχής μπορεί να υπολογιστεί για 
πολλά χρόνια και η απόδοση της επένδυσης μπορεί να εξεταστεί. Το 
λογισμικό υπολογίζει αυτόματα την παρούσα αξία των ταμειακών 
ροών. Λεπτομερείς οικονομικές προσομοιώσεις για διαφορετικές 
συνοικίες και σύνθεση κτηρίων, σε διάφορες καιρικές συνθήκες θα ήταν 
πολύ ενδιαφέρουσες και θα μπορούσαν να αποκαλύψουν την αλήθεια 
σχετικά με το πραγματικό οικονομικό δυναμικό των δικτύων θερμότητας 
με συμπαραγωγή. 
